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ABSTRACT 
Coordination of daughter cell growth and nuclear division are readily observed 
but not well understood in the yeast Saccharomyces cerevisiae. A screen was performed 
to identify mutants which lost this coordination such that they exhibited an elongated cell 
morphology (improper cell growth), but continued to divide. Fourteen genes were found 
in the screen, five of which have been identified as CDC28, CDCI2/ELM13, ELMl, 
ELM2/HSL1, and ELM5/HSL7. The last four genes code for proteins found to localize 
to the bud neck ring at the time of the G2/M transition. Suppressor analysis suggests 
the bud neck ring is a control structure which determines cell morphology as well as 
nuclear division, as an upstream regulator of Cdc28p-cyclin complexes. 
The effects of mutations in specific components of the bud neck ring on the 
assembly of other components into the structure are examined. First, molecular 
characterization of the mutations was undertaken. The original elm 1-1 allele results in 
replacement of Thr-311 by an isoleucine. The original elm.2-1 allele contains a nonsense 
mutation in codon 790. The original elm 13-1 allele of the gene CDC 12 causes 
replacement of Arg-363 by a lysine. Finally, the Sel2-1 allele of the ELM2/HSL1 gene, 
which supresses elml-1, causes replacement of Met-177 by a valine. Next, assembly 
interdependence of these three proteins was determined. Localization interdependence 
between Elmlp, Elm2/Hsllp, and Cdcl2p was found with regard to correct initial 
localization to the neck, as well as proper sustained localization. A mutation in CDC28 
that results in constitutive elongated cell morphology was found to have little to no effect 
on proper localization of bud neck ring proteins. These results support the bud neck ring 
V 
as an upstream effector of Cdc28p-cyclin complexes. 
In an attempt to better understand the involvement of Elmlp in control the G2/M 
transition, a search for proteins interacting with Elmlp was undertaken. Elmlp was 
precipitated from yeast cells and interacting proteins were identified through probing 
with protein-specific antibodies. Through these co-purification experiments, a specific 
interaction was found between Elmlp, the B-type cyclin Clb2p, the Niml-like kinase 
Gin4p and the cyclin interacting protein Naplp. These associations were ranked by their 
ability to withstand washing in low or high salt conditions thus demonstrating stronger 
and weaker associations with Elmlp. Gene disruptions and C-terminal truncations of 
Elmlp were also used to identify the order of these interactions. The C-terminus of 
Elmlp was found to contribute to but not be essential for the interaction between Naplp 
and Elmlp. This region of Elmlp was, however, required for the interaction of Clb2p and 
Gin4p with Elmlp. The interaction between Elmlp and Clb2p was dependent upon 
Naplp. However, the interaction between Naplp and Elmlp was not dependent upon 
Clb2p. The interaction between Gin4p and Elmlp was dependent upon both Naplp and 
Clb2p. Bud neck localization of Elmlp was not affected by disruption of NAP I or CLB2. 
Yet, Elmlp was unable to localize to the bud neck when GIN4 was disrupted. These new 
data suggests that Elmlp may have a more direct role in control of Cdc28p-Clb2p 
complexes than previously surmized. 
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CHAPTER 1. INTRODUCTION 
Coordination of Nuclear Division and Cell Morphology 
Microscopic observations make apparent the coordination between daughter cell 
growth and nuclear division in the yeast Saccharomyces cerevisiae. For example, 
division of the nucleus normally does not occur prior to the bud growing large enough to 
receive a nucleus. Nor does cytokinesis occur before the nucleus has finished dividing. 
Both of these occurrences would result in a lack of normal distribution of genetic material 
and be detrimental to the survival of the yeast cell. Evidently, mechanisms must exist in 
yeast to allow the timing of the cell cycle to coordinate with the morphology and division 
of the cell body. The goal of this dissertation is to shed light on this process by discerning 
how interactions between specific proteins may participate in the coordination 
mechanism. In this introduction, I will first discuss background information regarding 
experimental results that began to unravel the events involved in coordination of nuclear 
division and cell morphology. 
As Saccharomyces cerevisiae cells grow, they produce buds that initially grow 
primarily at the tip and thus expand in an apical direction away from the mother cell. 
Bud growth then switches to an isotropic mode in which expansion occurs throughout 
the periphery of the bud. The two modes of growth were originally detected in actively 
growing yeast by staining cell wall mannan with FITC-ConA. This staining evenly coats 
the periphery of the cell. If subsequent growth occurred evenly around the cell, the 
staining would become diffuse. If, however, polarized growth occurred, unstained 
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patches would be seen at the locations of that growth. Dark patches were observed at the 
bud tips where the plasma membrane was being expanded. Staining with Rh-phalloidin 
showed localization of actin patches to the same area (Adams and Pringle 1984). This 
suggested that actin was the cytoskeletal component involved in directed growth in the 
bud. Polarized secretion was again demonstrated in yeast by the binding of poly-lysine 
coated beads to the plasma membrane. The movement of the beads over time showed that 
during apical-growth, vesicles fused at the tip of the bud. After a particular bud volume 
was reached, growth was shown to randomize, or switch to isotropic-growth, within the 
bud (Staebell and Soil 1985). 
Using immunoelectron microscopy and anti-actin antibodies, cortical actin 
patches seen on the surface of the cell were shown to actually be associations of actin 
with invaginations of the plasma membrane at sites of growth (Mulholland et al 1994). 
These actin patches have since been sho^wn to be attachment sites for cytoplasmic actin 
filaments extending from the mother cell, through the bud neck, to the periphery of the 
bud (Mulholland et al 1999). Vesicle transport occurs along these actin filaments. The 
vesicles carry cell wall biosynthetic machinery to sites of growth in the bud to expand the 
cell wall, and by fusing with the plasma membrane, expand it as well (Novick et al 
1980). Using tubulin mutants in yeast ha_s shown that vesicle transport occurs on actin 
filaments but does not require microtubules. Cytoplasmic microtubules do extend 
throughout the cell, but their function appears to be limited to nuclear migration and cell 
fusion during mating (Huffaker et al 1988). If actin cables are the highway, then the 
question remains of how vesicles are transported along the actin filaments. 
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This question has been answered by classic genetical studies. Myo2p is a yeast 
class V myosin. A mutation in the MY02 gene results in unbudded enlarged cells that 
accumulate secretory vesicles (Johnston et al 1991, Govindan et al 1995). This suggests 
that a myosin motor, specifically Myo2p, may be used to transport vesicles along actin 
filaments from the mother to the growing bud periphery. Myo2p is but one of numerous 
proteins required for vesicular transport in yeast. Not only do the vesicles need to be 
moved along the actin cable, but once their destination is reached they need to fuse with 
the plasma membrane. Eventhough it is apparent that Myo2p is needed for vesicular 
transport, Myo2p is not the only protein known to associate with the vesicles. 
Proteins involved in secretion have been found to associate with vesicles. By 
using antibodies to Sec4p, a rab family GTPase, it was shown to reside on post-Golgi 
secretory vesicles (Salminen and Novick 1987, Goud et al 1988). A physical interaction 
was detected between Sec2p and Sec4p by two-hybrid experiments (Walch-Salimena et 
al 1997). It was also shown that Sec2p is the guanine nucleotide exchange factor (GEF) 
for Sec4p. Sec4p activation by Sec2p allows vesicles to be transported from the Golgi 
apparatus, through the bud neck, to the plasma membrane of the bud during polarized 
growth (Walch-Salimena et al 1997). Not only are Sec proteins attached to the vesicles, 
but they are also present at the bud periphery where the vesicle fuses with the plasma 
membrane. A group of Sec proteins at this location are known as the exocyst complex 
and consist of Sec3p, Sec5p, Sec6p, Sec8p, Seel Op, SeclSp, Exo70p, and Exo84p (Guo 
et al 1999 JBC). The exocyst complex is thought to specify sites on the plasma 
membrane where vesicles dock and fuse. Sec4p traveling on the 
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vesicle reaches the exocyst complex and interacts with SeclSp thus linking vesicle 
transport to a defined site on the plasma membrane (Guo et al 1999 EMBO J). Sec 
proteins are just one example of the complex protein interactions required for 
morphologically specific growth of yeast cells. 
Now that a general description of bud growth and morphology has been 
presented, nuclear division needs to be examined before these events can be linked. In 
yeast, the cell cycle consists of replication (in the mother) and segregation (between the 
mother and daughter) of the mother's genetic material within the nucleus. This process, 
as seen with secretion, requires large complexes of proteins to occur. Early studies using 
light microscopes showed mitosis (M phase) occurring in cells but little could be seen 
regarding specific events during the rest of the cell cycle generically termed interphase. 
Mitosis, in nonsporulating yeast, is the process of segregating duplicated chromosomes, 
or condensed DNA, to opposite ends of the nucleus which results in the formation of two 
nuclei from one nucleus. Eventually, chromosome replication itself was detected which 
split interphase into Gl, the gap between mitosis and DNA replication; S, DNA 
replication; and G2, the gap between DNA replication and mitosis (Howard and Pelc 
1951, Nasmyth 1996). Once the phases of the cell cycle were established, it became 
apparent that the particular phase the yeast cells were in could be discerned by observing 
the size and shape of the bud. This can be seen by staining the DNA and comparing the 
quantity and position of the DNA with the morphology of the bud. This initial evidence 
that nuclear division and cell morphology are coordinated spurred much interest in 
discerning the mechanism that relates the two processes. 
5 
Only the rough concepts of cell morphology and nuclear division have been 
discussed here, yet it is evident that many multi-subunit complexes of proteins are 
involved in each of these events within the cell. Thus, it seems likely that a large complex 
of proteins must be responsible for coordinating nuclear division with cell morphology. 
As mentioned previously, the target of this dissertation is to focus on interactions 
between specific proteins within the multiprotein complexes to help elucidate how this 
coordination occurs within the yeast cell. 
CDK and Coordination 
Since the original definition of the cell cycle, scientists have attempted to 
determine how the cell cycle transitions are achieved and order is maintained. In yeast 
and other organisms, genes were identified that code for S phase and M phase promoting 
proteins termed cyclin-dependent kinases (CDKs) (Nasmyth 1996). CDKs contain 
catalytic subunits that must bind to regulatory subunits to become active. The regulatory 
subunits are called cyclins due to their accumulation and disappearance during specific 
points of the cell cycle (Evans 1983). 
Saccharomyces cerevisiae contains one CDK catalytic subunit primarily 
responsible for the cell cycle, Cdc28p (Cell Division Cycle). CDC28 was originally 
discovered in a screen for mutants defective in passage through the cell cycle (Hartwell et 
al 1970). Yeast Cdc28p is functionally equivalent to Cdc2 or Cdk2 in most other 
organisms. The crystal structure of human Cdk2, shown in Figure I, is known and can be 
a model for Cdc28p (De Bondt et al 1993). Activation of Cdc28p requires both the 
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Figure 1. Crystal structure of human Cdk2 analogous to Cdc28p in yeast. 
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binding of a cyclin submit and phosphorylation which will be discussed in the following 
sections. Once active, Cdc28p can phosphorylate its targets on a serine or threonine 
residue located immediately amino terminal to a proline (Mendenhall and Hodge 1998). 
Cyclins, the regulatory subunits which bind to Cdc28p, were discovered 
genetically in yeast for the effects exhibited by mutants on progression of the cell cycle 
(Sudbery et al 1980). Since the crystal structure of human Cdk2 bound to cyclin A, 
shown in Figure 2, has also been solved, the interaction between Cdc28p and its cyclin 
subunits can be extrapolated (Jeffery et al 1995). The cyclins that bind to Cdc28p have 
been divided into G1 cyclins which regulate cell cycle events between mitosis and DNA 
replication, and B-type cyclins which regulate events from the commitment step START 
through mitosis. G1 cyclins consist of Clnlp, Cln2p, and Cln3p. Cln3p binds to Cdc28p 
in G1 and subsequent activities induce transcription of CLN1 and CLN2. Clnlp and 
Cln2p separately bind to Cdc28p during G1 and initiate the series of events leading to 
bud emergence as well as spindle pole body (SPB) duplication. 
B-type cyclins consist of Clblp through Clb6p. Clb5p and Clb6p bind 
independently to Cdc28p in S phase to promote DNA synthesis and SPB separation. 
Clb3p and Clb4p each in turn bind Cdc28p during S phase to promote maturation of 
the spindle. Clblp and Clb2p separately bind to Cdc28p in G2 to initiate mitosis 
(Mendenhall and Hodge 1998). Particularly relevant to this dissertation is the fact that 
Cdc28p-Clb2p complexes promote the switch from apically to isotropically directed 
growth in the bud (Lew and Reed 1993). 
The synthesis and degradation of the cyclin proteins is thought to drive 
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Figure 2. Crystal structure of human Cdk2 in complex with Cyclin A. 
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progression through the cell cycle phases. Synthesis of certain cyclins is initiated by 
transcription factors such as the SBF (Swi4-Swi6-dependent cell cycle box Binding 
Factor) (Ogas et al 1991, Mendenhall and Hodge 1998). Destruction of cyclin proteins 
also propels the cell cycle forward.The G1 cyclins, Clns, contain "PEST" sequences rich 
in proline (P), glutamate (E), serine (S) and threonine (T), which upon 
autophosphorylation, are ubiquitinated and targeted for destruction (Futcher 1996). B-
type cyclins, Clbs, contain "destruction boxes" (consensus sequence RxALGxIxN) which 
allow the cyclin to be ubiquitinated and then degraded by the 26S proteosome (Glotzer et 
al 1991). Specific protein complexes regulate this proteolysis, for example, the SCF 
(Skp 1 p-cullin-F-box protein) complex regulates CDK activation at the G1 to S phase 
transition and the APC (anaphase-promoting complex) regulates CDK action during entry 
into anaphase (Galan and Peter 1999). 
As mentioned previously, Cdc28p activity is regulated by binding to a specific 
cyclin as well as by being phosphorylated. Caklp (CDK activating kinase) 
phosphorylates Cdc28p on threonine 169 (T169) (Espinoza et al 1996). Phosphorylation 
of Cdc28p can be activating, as just mentioned, but it can also be inhibitory. Active 
Cdc28p can be inhibited by phosphorylation at tyrosine 19 (Y19) by Swelp (S. 
cerevisiae weel) (Booher et al 1993). The protein phosphatase Mihlp (mitotic inducer 
homologue) can specifically reverse this inhibition (Russell et al 1989). The SWEl 
pathway was originally identified in Schizosaccharomyces pombe where mutation of the 
SWEl homologue WEEl resulted in smaller than normal sized cells. Without the normal 
activity of this inhibitor, the CDK is prematurely activated. The CDK then allows 
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mitosis and cytokinesis to occur before certain sizes requirement are met by the growing 
bud. With less time to grow, the result is smaller cells (Nurse 1975, Nurse and Thuriaux 
1980). 
Swelp is not a general inhibitor of Cdc28p activity, but has been shown to exhibit 
specificity for certain Cdc28p-cyclin complexes. Specifically, Swelp phosphorylates 
Cdc28p when bound to the B-type cyclin Clb2p, but not when bound to the G1-cyclin 
Cln2p (Booher et al 1993). Recently, Swelp has been shown to not only negatively 
regulate Cdc28p-Clb2p complex activity via phosphorylation but also by its physical 
presence (McMillan et al 1999). Entry into mitosis before a critical bud size is reached 
would be detrimental to the cell. Data suggests Swelp prevents this from occurring. This 
evidence suggests a specific role for Swelp in controlling entry into mitosis through 
Cdc28p-Clbp complexes. Swelp itself is negatively regulated by Elm2/Hsllp and 
Elm5/Hsl7p (Ma et al 1996) both of which will be discussed as the subject of this 
dissertation. 
The role of Cdc28p-cyclin complexes is not limited to controlling passage 
through phases of the cell cycle but also includes regulating the morphology of the cell. 
Specifically, these complexes have been shown to control polarization of actin patches in 
the bud. CDK function was experimentally modified using conditional mutations of 
CDC28 or deletions of specific CLN genes. At the restrictive temperature, CDK mutants 
exhibited randomly distributed cortical actin patches as was also the case for Cln mutants. 
These results were the first indication of a role for Cdc28p and G1 cyclins in polarization 
of actin patches (Lew and Reed 1993). The effect of Cdc28p in complex with G1 and 
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B-type cyclins on cellular morphology was examined separately. 
Evidently, early in the cell cycle, Cdc28p in association with G1 cyclins (Clnlp, 
Cln2p, and Cln3p) triggers polarization of actin patches to the incipient but site and 
apically growing bud tip. At the G2/M cell cycle transition, Cdc28p complexed with 
Clblp and Clb2p (B-type cyclins) causes depolarization of actin patches resulting in a 
switch from apical- to isotropic-bud growth. It has also been shown that Cdc28p-Clbp 
complexes must be inactivated later in the cycle as cells exit mitosis for the actin patches 
to polarize to the bud neck for cytokinesis to occur (Lew and Reed 1993). Figure 3 
shows the localization of cortical actin patches throughout the cell cycle as controlled by 
Cdc28p-cyclin complexes. How Cdc28p-cyclin complexes could be exerting this control 
is suggested by the observation that, in the absence of new protein synthesis, Cdc28p-
Clnp complexes can still trigger actin rearrangement. It has been suggested from this 
evidence that the Cdc28p-cyclin complexes may be phosphorylating substrates that 
regulate the distribution of actin. Possible targets are actin binding proteins or proteins 
involved in establishing polarity such as Cdc24p, Cdc42p, or functionally related 
molecules (Lew and Reed 1993). 
How Cdc28p-cyclin complexes are able to direct the localization of actin patches, 
thereby directing bud growth, has been suggested but is yet unknown. Phosphorylation 
of actin binding proteins or polarity establishment proteins has been suggested, but 
another option may be the Sec proteins previously mentioned. Perhaps Cdc28p-cyclin 
complexes can stimulate Sec.4p directly or indirectly to first initiate vesicle transport to 
the bud tip in G1 and secondly alter direction of vesicles from the tip during apical-
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Figure 3. Localization of actin patches (round dots) through the budding yeast cell cycle 
controlled by Cdc28-cyclin complexes. 
growth to isotropic-growth at the G2/M transition. Another possibility is that Cdc28p-
cyclin complexes affect the sites of vesicle fusion on the bud periphery. 
One of the components of the exocyst complex, Sec E. Op, is interesting in that 
overexpression of the C-terminal one-third of the protein causes an elongated cell 
morphology similar to Cdc28p-cyclin mutants. The buds appear to continue growing 
in an apical manner and do not switch to isotropic-growth, which results in an 
elongated bud. The overexpressed region may be interacting; with a protein involved in 
cell morphology (Roth et al 1998). As suggested above, the same morphology is 
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observed by overexpression of CLN2 which prevents proper activation of Cdc28p-
Clbp complexes (Lew and Reed 1993). This suggests that SeclOp may be a link between 
the secretory pathway and cell morphology directed by Cdc28p-cyclin complexes. 
Another link may be found by examining Sec3p. Through green fluorescent 
protein (GFP) tagging, Sec3p was found at the docking sites for vesicles on the plasma 
membrane and is thought to be the spatial landmark defining sites of exocytosis. 
Specifically, Sec3p is found at the bud tip during apical-growth, patchy throughout the 
bud during isotropic-growth, and at the bud neck for cytokinesis. The localization of 
Sec3p is not dependent on the function of secretion as shown by normal localization 
occuring in endoplasmic reticulum (ER) to Golgi as well as intra-Golgi mutants. Using 
actin. and septin mutants, Sec3p localization was shown not to depend on actin or septin 
cytoskeletons. Nor was Sec3p localization dependent on function of the polarity 
establishment proteins Cdc24p and Cdc42p. However, Sec3p localization and retention 
was shown to be dependent upon Cdc28p function (Finger et al 1998). These results, as 
well as those mentioned for SeclOp, suggest that Cdc28p-cyclin complexes may be 
exerting their control over bud growth by acting on Sec proteins. 
Elm Proteins and Coordination 
In our laboratory, a genetic screen was undertaken to gain an understanding as to 
what genes may function in the coordination of nuclear division and cell morphology in 
yeast. Mutagenesis was performed by exposing wild type yeast cells to ethyl methane-
sulfonate (EMS) until only 15% of the cells survived (Blacketer et al 1993). As an 
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indication of a breakdown in the coordination of nuclear division and cell morphology, 
cells which exhibited an constutive elongated cell morphology, but grew at a near normal 
rate were selected. Fourteen complementation groups were found, analysis of which led 
to the identification of both previously identified genes and novel genes. The genes were 
referred to genetically as ELMs due to the constitutive elongated morphology of the 
mutant strains. The characteristics of the elm mutations includes elongated cell shape, cell 
clumping/delayed cell separation, simultaneous budding of mother and daughter cells, 
unipolar budding of haploids, and growth beneath agar surface (Blacketer et al 1995). 
Bar diagrams representing conserved domains in the proteins coded for by the elm genes 
are shown in Figure 5. The focus of this dissertation concerns specific interactions 
between proteins to promote coordination of growth and division in yeast. The following 
section is a summary of some relevant information about proteins identified in this 
screen. 
Cdc28p 
One result of the screen was identification of a CDC28 mutation originally called 
elm7-l (Blacketer et al 1993). The identification of a mutation in the gene for the 
catalytic subunit for the CDK was a strong indication that the screen had been successful 
in identifying genes which function in the coordination of cell morphology and nuclear 
division. This mutation contains a single base substitution which results in a protein with 
a tyrosine instead of a cysteine at position 127. Thus, the mutation has been designated 
cdc28-C127Y(Edgington et al 1999). This mutation is predicted to reduce the ability of 
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Figure 5. Bar diagrams of the protein products of genes identified in the ELM screen. 
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Cdc28p to interact with its G2/M cyclin component Clb2p. This is demonstrated by the 
position of the altered amino acid in the known crystal structure of human Cdk2 in 
complex with cyclin A as well as the inability of cells to switch from apical- to isotropic-
growth in the bud. 
Cdcl2p 
The screen also identified the mutation elml3-l that was found to occur in the 
previously identified gene CDC12. CDC 12 codes for the septin Cdcl2p. Septins are a 
class of proteins that associate with each other most likely through interactions of coiled-
coil domains to form a ring at the bud neck between the mother and daughter cells. The 
elm!3-l mutation was discovered to contain a point mutation that results in a protein with 
an arginine to lysine substitution at amino acid 363 and was renamed cdc!2-R363K 
(Blacketer et al 1993, Blacketer unpublished results). The cdcl2-R363K mutation is 
predicted to alter the coiled-coil region of the protein. This is thought to cause a slight 
change in the septin ring which has a noticable impact on the switch from apical to 
isotropic growth as observed by the constitutive elongated morphology of the cells. More 
will be discussed about Cdcl2p and other septins in a subsequent section and as the topic 
of Chapter 2 of this dissertation. 
Elmlp 
A mutation termed elm 1-1 was identified in this screen (Blacketer et al 1993). 
Elmlp is a novel serine/threonine protein kinase found at the bud neck ring (Koehler 
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and Myers 1997, Moriya and Isono 1999). If ELMl is deleted or overexpressed, a delay 
in the G2/M transition of the cell cycle is observed by F ACS (fluorescence activated cell 
sorter) analysis of the labeled DNA content of the cells (Moriya and Isono 1999). This 
suggests that Elmlp has a function in the transition from the G2 to M phase of the cell 
cycle. A mutation of ELMl was also found to be synthetically lethal with a DHH1 
disruption. Dhhlp is a DEAD-box protein and proteins of this class usually are ATP-
dependent RNA helicases, but the precise function of Dhhlp in yeast has not yet been 
established (Moriya and Isono 1999). This suggests Elmlp may have an earlier function 
during the cell cycle as well. 
Elmlp may be the downstream target of signaling pathways that coordinate the 
conditions of the external environment to the growth and division of the yeast cell. 
Multiple copies of ELMl partially rescue the slow growth of cells with mutations in 
cdc25 and cyrl (adenylate cyclase) which result in altered RAS/cAMP (Garrett 1997). 
Elevated protein kinase A activity achieved by activated RAS2 or bcyl mutations 
suppress the elongated morphology of elml mutations (Edgington unpublished results). 
No clear answers have emerged from this area of research and much needs to be 
explained before the specific role of Elmlp in nutrient signaling can be understood. 
Elm2p and Elm5p 
The mutations elm2-l and elm5-l were identified in this screen (Blacketer et al 
1993). Elm2p has since been shown to be the same as Sel2p, identified as a suppressor 
of elml-1 mutations and Hsllp, a Niml-like serine/threonine protein kinase (Blacketer 
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unpublished results, Edgington et al 1999, Ma et al 1996, Tanaka and Nojima 1996). 
Elm5p has been identified as Hsl7p (Edgington unpublished results). Elm2/Hsllp and 
Elm5/Hsl7p also were designated as Hsl proteins (histone synthetic lethal) from their 
identification in a screen for mutants synthetically lethal with truncations of the amino 
terminus of histone H3 or H4 (Ma et al 1996). Elm5/Hsl7p is a protein methyltransferase 
that is homologous to the human methyltransferase Jbpl (Pollack et al 1999, Lee et al 
2000). Elm2/Hsllp and Elm5/Hsl7p both localize with the septins to the bud neck ring. 
Elm2ZHsllp localization is septin dependent and Elm5/Hsl7p localization is Elm2/Hsllp 
dependent (Barrai et al 1999, Schulewitz et al 1999). 
Co-immunoprecipitation (Co-IP) was used to demonstrate a physical interaction 
between one of the septins, Cdc3p, and Elm2/Hsllp (Barrai et al 1999). Both a two-
hybrid screen and Co-IP have shown physical interactions between Elm2/Hsllp and 
Elm5/Hsl7p as well as between Elm5/Hsl7p and Swelp (Schulewitz et al 1999). Taking 
the physical interactions one step further, research has demonstrated the dependence of 
Elm5/Hsl7p phosphorylation on Elm2/Hsllp as well as the dependence of Swelp 
degradation on both Elm2/Hsllp and Elm5/Hsl7p (McMillan et al 1999). The concerted 
effort of Elm2/Hsllp and ElmS/Hsllp have, based on these results, been theorized to 
promote the recognition of Swelp by the ubiquitination complex and thus be degraded. 
Swelp cellular localization has recently been determined. Swelp is cytoplasmic during 
G I, at the bud neck and in the cytoplasm of the mother in S, fading at the neck but still 
cytoplasmic in the mother during G2, and gone by M phase (Longtine et al 2000, 
Theesfleld et al YG&MB poster). Co-localization of Elm2/Hsllp, Elm5/Hsl7p, and 
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Swelp to the bud neck ring allows these proteins to interact and thus perform their 
functions in the regulation of Cdc28p-cyclin complexes. 
Elm proteins order of function within the cell 
Because a mutation in the gene which codes for the CDK was discovered in our 
screen, the effects of deleting the gene for an inhibitor of Cdc28p, SWE1, was examined 
to determine the order of function between the Elm proteins. A deletion of ELMl results 
in an elongated morphology similar to the elml-l mutation isolated in the screen. A 
SWEl ELMl double deletion was found to recover the wild type cell morphology 
(Edgington et al 1999). A deletion of ELM2/HSL1 shows a similar elongated morphology 
as elm2-l. A double deletion of SWEl and ELM2/HSL1 recovers the wild type 
morphology. Also, a nonphosphorylatable CDK, from the cdc28-Y19F mutation, partially 
suppresses the elongated morphology of an ELMl deletion (Edgington et al 1999). 
Another phenotype of some of the Elm mutants is a G2 delay in the cell cycle. 
This delay can be observed using F ACS analysis as a higher 2N peak of DNA. 
ELM2/HSL1 and ELM5/HSL7 mutations result in cells with a G2 cell cycle delay which 
can be overcome by deletion of SWEl (Tanaka and Nojima 1996, Ma et al 1996). This 
evidence suggests that Elmlp, Elm2/Hsllp, and Elm5/Hsl7p function to coordinate cell 
growth and nuclear division by regulating the activity of Cdc28p-Clb2p complexes 
through Swelp. More information suggesting a relationship between Elmlp and 
Elm2/Hsllp came from suppressor analysis of the elml-l mutation. A dominant mutation 
of ELM2/HSL1 (Sel2-1) was found to suppress the elongated morphology of elml-l cells 
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(Edgington et al 1999). These results suggest that the bud neck proteins coordinate bud 
growth and nuclear division through regulation of Cdc28p-Clb2p complexes. 
Components of the Bud Neck Control Ring 
In the previous section, with the exception of Cdc28p, the Elm proteins all 
localize to the bud neck ring. Looking at Figure 4, the bud neck ring structure, which 
actin and vesicles must pass through during bud growth, is centrally located between the 
nucleus and the bud tip. The bud neck ring's position in the cell makes it an obvious 
candidate for coordinating bud growth and nuclear division. Previous studies have also 
shown factors that control cellular morphology are located at the bud neck ring (Table 1). 
How these bud neck proteins may be involved in coordinating growth and division will 
be discussed as the subject of this dissertation. In order to address Elm protein function, 
the cellular context in which it exists must be considered. Thus, information on other 
proteins found at the bud neck will be presented in this section. 
Septins 
The structure of the bud neck ring has been shown to depend on the septin 
proteins. In yeast, CDC3, CDC10, CDC11, and CDC12 were originally described as 
temperature sensitive (ts) mutations which resulted in defective cytokinesis as shown by 
the formation of multiple elongated buds that did not separate from the mother cell 
(Hartwell 1971). Two additional genes, SPR3 and SPR28, were found to be needed for 
sporulation. Spr3p was shown through antibody straining to localize to the region of 
21 
Mother cell Daughter cell 
Nucleus Bud Neck Bud Tip 
Figure 4. Position of the bud neck ring structure between the nucleus and bud tip. 
spore formation along with the other septins, Cdc3p and Cdcl lp, which function during 
sporulation (Fares et al 1996). Spr28p interacted via a two-hybrid assay with itself as 
well as Spr3p, Cdc3p and Cdcl lp and was shown through GFP tagging to associate with 
developing prospore walls (DeVirgilio et al 1996). A seventh gene, SHSI/SEP7, was 
identified as a mutation which causes a deficiency in cytokinesis. Tagging with GFP 
showed localization of Shslp to the bud neck, and Shslp was shown to interact with 
Cdcl2p via a two-hybrid assay (Mino et al 1998). Thus, this seventh septin is thought to 
function with Cdc3p, Cdcl Op, Cdcl lp, and Cdcl2p during vegetative growth. 
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Table 1. Proteins that localize to the bud neck ring during G2/M 
Protein Time at neck Protein Details Localization Reference 
Cdc3p G1-Cytokinesis Septin Kim et al (1991) 
CdclOp G1-Cytokinesis Septin Flescherera/ (1993) 
Cdcllp Gl-Cytokinesis Septin Ford & Pringle (1991) 
Cdcl2p G1-Cytokinesis Septin Haarer & Pringle (1987) 
Shsl/Sep7p Gl-M Septin Mino etal (1998) 
Elmlp Gl-M Ser/Thr Kinase Moriya & Isono ( 1999) 
Elm2/Hsllp Gl-M Ser/Thr Kinase Barrai etal (1999) 
Gin4p late Gl-M Ser/Thr Kinase Okuzaki etal (1997) 
Kcc4p Gl-M/Cyto Ser/Thr Kinase Barrai etal (1999) 
Swelp Gl-M Tyrosine Kinase Longtine et al ( 2000) 
Elm5/Hsl7p Gl-M Arg. Methyl Transferase Shulewitz et al (1999) 
Aip3/Bud6p Gl-Cyto Interacts with Actin Amberg et al (1997) 
Bnrlp G2/M-Cyto Links Septins & Actin Kamei etal (1998) 
Hofl/Cyk2p G2/M-TeIo Links Septins & Actin Kamei etal (1998) 
Chs4/Skt5p Gl-M Activates Chs3p DeMarini et al (1997) 
Bni4p G1-G2/M Links Chs4p & Cdcl Op DeMariniefa/ (1997) 
Axl2/Budl0p S/G2-Cyto Bud Site Selection Halme et al (1996) 
Bud2p G1-? GAP for Budlp Park etal (1999) 
Bud3p G2/M-Cyto Axial Budding Chant etal (1995) 
Bud4p G2/M-Cyto Axial Budding Sanders & Herskowitz(96) 
Myolp Gl/S-Cyto Type II Myosin Lippincott & Li (1998) 
The septins have been reported to range from 275 to 550 amino acids in length 
(32-63 kDa) and exhibit > 26% sequence identity, but most contain a P-loop consensus 
for GTP binding (Longtine et al 1996). Four of the vegetative septins, Cdc3p, Cdcl lp, 
Cdcl2p, and Shslp are predicted to contain coiled-coil domains in their carboxyl termini 
(COILS computer software). A coiled-coil consists of two or three a helices which cross 
23 
at about a 20 degree angle. They are amphipathic helices of a seven amino acid repeat 
(designated a through g) usually beginning with a block of hydrophobic residues (a 
through d) (Lupas et al 1991). Coiled-coils are potential sites of interaction between 
the septin proteins themselves and/or between septins and other proteins. 
Before the cellular location of the vegetative septins was known, electron 
microscopy showed 10 nm filaments lying subjacent to the plasma membrane at the 
mother-bud neck forming a highly ordered ring (Byers and Goetsch 1976). Subsequent 
immunofluorescence, GFP tagging and electron microscopy studies have demonstrated 
the presence of the five vegetative septins at the region of the neck filaments as well as 
loss of the filaments in septin mutant strains (Haarar and Pringle 1987, Kim et al 1991, 
Ford and Pringle 1991, Cid et al 1998, Mino et al 1998). Further experiments have shown 
the ability of Cdc3p, Cdcl Op, Cdcl lp, and Cdcl2p, under physiological conditions, to 
form long filaments in vitro. This ability was further shown to depend on the presence of 
all four septins, such that, if CDC 10 or CDC11 were deleted, strains could not form 
filaments in vitro (Frazier et al 1998). Consistent with the ability to form filaments at the 
bud neck, the septins are thought to function as a scaffold upon which other proteins can 
assemble and interact. The importance of this proposed function is supported by the 
lethal phenotype of the original ts mutants at the restrictive temperature. Prior to death, 
these mutants exhibited a multibudded, multinucleate, elongated cell morphology 
(Hartwell 1971). Subsequent studies have also identified a mutation in CDC 12 which 
exhibits an elongated cell phenotype but is not lethal (Blacketer et al 1995). 
Along with an essential function in cytokinesis, septins have been shown to 
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function in other processes. Septins are important for bud site selection. A CDC 10 
truncation mutation requires SPA2, a gene which participates in bud site selection, to 
grow (Flescher et al 1993). Proteins involved in axial budding of haploids, Bud3p and 
Bud4p, have been shown to localize to the septin ring as well as become delocalized 
in septin mutants where the ring is no longer present (Chant et al 1995, Sanders and 
Herskowitz 1996). Chitin synthesis in the cell wall of emerging buds also depends on 
the septins. Localization of Chs3p, the chitin synthase responsible for formation of the 
bud scar ring of chitin on the emerging bud, to the bud neck ring is dependent upon the 
septins (DeMarini et al 1997). The septins have also been suggested to be involved in 
cell surface growth. Septin homologs have been co-immunoprecipitated with the exocyst 
complex (sec6/8), involved in vesicle docking, in rat brains (Hsu et al 1998). 
The septins have been shown to be involved in more processes than cytokinesis, 
yet a conserved role for septins during cytokinesis has been found in several organisms 
besides yeast. Other fungi, insects, amphibians, and mammals all contain septin related 
proteins (Longtine et al 1996). For example, in Drosophila, the peanut gene and Sep I 
protein were shown to be related in sequence to the yeast vegetative septins. Also, the 
Pnut protein and Sep 1 protein were show by immunofluorescence to localize to cleavage 
furrows of dividing cells during cytokinesis (Neufeld and Rubin 1994, Fares et al 1995). 
To further the similarities, Drosophila septins, Pnut, Sepl, and Sep2 form a filament in 
vitro (Field et al 1996). The septin homolog Nedd5, found in mice, is located in fibers 
near the contractile ring , the site of cell division, in late mitosis (Kinoshita et al 1997). 
The conservation of septins in multicellular organisms allows discoveries in yeast to be 
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applied to higher eukaryotes. 
The septin ring's involvement in cytokinesis does not support a static structure. 
In yeast, it appears to assemble and disassemble at specific points in the cell cycle. 
Immunofluorescence has shown the septins localize to the incipient bud site in Gl, and 
as a distinguishable double ring structure that is observed after formation of a bud (Ford 
and Pringle 1991). The double ring is maintained until cytokinesis. When the mother and 
bud seperate, the septin double ring splits into two single rings, one present on each cell 
at the site of cytokinesis. In the following Gl phase of the cell cycle, the septin ring 
disappears, and then later reappears at the next incipient bud site (Ford and Pringle 1991). 
A process of disassembly of the septin ring has been suggested by the observation 
that the yeast SUMO, Smt3p, a ubiquitin-like protein, binds to Cdc3p, Cdcl lp, and 
Shslp during mitosis as shown by purification of Smt3p via affinity chromatography and 
co-immunoprecipitation (Takahashi et al 1999, Johnson and Blobel 1999). Smt3p is 
proposed to be an antagonist of ubiquitin and thus protect the septins from degradation 
during mitosis (Takahashi et al 1999). Only a small percentage of the septin population, 
about 5%, is sumoylated (Johnson and Blobel 1999). Sumoylation, however, may still be 
able to explain septin ring disassembly. Because septin protein levels remain constant 
throughout the cell cycle, perhaps Smt3p actually modifies the septins it attaches to, 
which upon release from Smt3p, are rapidly targeted for degradation. Such a seemingly 
minor change may destabilize the septin neck ring enough to allow for its disassembly in 
Gl. 
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Gin4p and Kcc4p 
Other proteins located at the bud neck ring may function similarly to Elm2/Hsllp. 
Gin4p and Kcc4p are Niml-Iike proteins closely related to Elm2/Hsllp. 
Immunolocalization shows Kcc4p at the incipient bud site, which develops into the bud 
neck ring, from GI through late mitosis. This localization is dependent upon the septins 
(Barrai et al 1999). GFP tagged Gin4p has also been localized to the bud neck in 
association with the septins (Okuzaki et al 1997). A deletion of GIN4, similar to that of 
ELM2/HSLI, results in a G2 delay of the cell cycle. A triple deletion of ELM2/HSLJ, 
GIN4, and KCC4 is viable, but cells are very elongated and exhibit a G2/M delay. 
Deletion of SWEl in addition to the other three genes results in a recovery of morphology 
and no cell cycle delay (Barrai et al 1999). This suggests these three proteins function 
similarly during the G2/M transition. 
Gin4p has been found, by affinity chromatography, to bind to Naplp a protein 
that interacts with mitotic eye lins in budding yeast and frogs (Altman and Kellogg 1997). 
Naplp binds to Clb2p and is required for Clb2p to function in the apical- to isotropic-
growth switch at the G2/M transition of the cell cycle. This has been shown by deleting 
NAP I which results in continued apical-growth and a prolonged short spindle stage but 
with normal Cdc28p-Clb2p kinase activity (Kellogg and Murray 1995). This evidence 
supports a model of Naplp functioning as a downstream target of Cdc28p-Clb2p 
complexes. Another possibility is that Naplp affects Cdc28p-Clb2p complexes upstream 
by physically interacting to induce a conformational change which is necessary after the 
complexes have been catalytically activated but before they can act on substrates. 
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Elmlp may coordinate with this group as well. Elmlp appears to function in a 
different pathway from Gin4p because an additive effect is observed from the individual 
single gene deletions to a double deletion. This is also observed with ELMl and CLA4 
single vs. double deletions (Sreenivasan and Kellogg 1999). Cla4p, a member of the PAK 
kinase family, is required for proper cell growth during mitosis (Weiss et al 2000). How­
ever, the activation of Gin4p is dependent upon Elmlp because in ELMl deleted strains, 
Gin4p is not hyperphosphorylated as is required for its activation. A reduced level of 
hyperphosphorylation of Cla4p also occurs in ELMl deleted strains (Sreenivasan and 
Kellogg 1999, Longtine et al 1998). Thus, common functions may exist. 
Recently, Gin4p has been purified. Proteins that co-purify with Gin4p include 
Gin4p, Naplp, Bni5p, Cdc3p, Cdcl Op, Cdcl lp, Cdcl2p, and Sep7p. The Gin4p-septin 
interaction is dependent upon the presence of Elmlp, Naplp, Cla4p, Sep7p, and Gin4p 
kinase activity. Binding between two molecules of Gin4p depends on the presence of 
Sep7p but not Elmlp, Naplp, or Cla4p (personal communication Doug Kellogg). This 
evidence suggests that Gin4p interacts with the septin ring prior to other interactions 
during the G2/M phase of the cell cycle. 
Aip3/Bud6p, Bnrlp and Hofl/Cyk2p 
The next group of proteins found at the bud neck control ring during the G2/M 
transition include proteins which interact with actin or link the septins to actin. 
AJP3/BUD6 was identified in a two-hybrid screen for proteins that interact with actin 
(actin interacting groteins) as well as in a screen for mutations which affect budding 
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(Amberg et al 1997). Mutant cells appear to lose cytoskeletal polarity since they form 
larger, rounder cells than wild type. Recent evidence has shown that Aip3/Bud6p 
localization is mediated by the secretory pathway. Aip3/Bud6p associates with post-
Golgi secretory vesicles and delivery of Aip3/Bud6p requires the type V myosin motor 
Myo2p (Jin and Amberg 2000). 
Bnrlp (BNI1 related) is a formin homology (FH) protein and potential target of 
the Rho family of proteins (Imamura et al 1997, Kamei et al 1998). Overexpression of 
BNR1 results in a cytokinesis defect similar to what is observed in septin mutants (Kikyo 
et al 1999). Bnrlp has been shown to interact with profilin, an actin binding protein, at 
Bnrlp's FH domain via yeast two-hybrid analysis (Imamura et al 1997). Bnrlp also 
interacts with Aip3/Bud6p as shown by yeast two-hybrid and overlay assays (Kikyo et al 
1999). Finally, an interaction between Bnrlp and Hofl/Cyk2p was found by yeast two-
hybrid analysis (Kamei et al 1998). 
Hofl/Cyk2p is a homolog of cdcl5, a cleavage furrow protein. Hofl/Cyk2p co-
loco I izes with the septins at the G2/M transition of the cell cycle, yet during cytokinesis, 
moves to the actomyosin ring and contracts (Lippincott and Li 1998). Deletion of 
HOF1/CYK2 results in a ts septin formation defect and results in rapid disassembly of the 
actomyosin ring during contraction (Lippencott and Li 1998, Vallen et al 2000). 
Hofl/Cyk2p localization to the bud neck ring is septin dependent (Valien et al 2000). 
These results indicate that Hofl/Cyk2p may function as a link between the septin and 
actomyosin systems. 
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Chs4/Skt5p and Bni4p 
This small group of proteins are involved in activating chitin synthesis or linking 
chitin synthesis to the septin ring. CHS4/SKT5 was identified as a mutation which 
exhibited a reduction in cell wall chitin and chitin synthase III (Chs3p) activity (Trilla et 
al 1997). Chs3p is on of the three known chitin synthases in Saccharomyces cerevisiae. 
This protein is known to synthesize chitin at the bud neck region. This region 
subsequently becomes the bud scar when cell separation occurs (DeMarini et al 1997). 
The same amount of Chs3p was found in wildtype, CHS4 overexpression, and a CHS4 
deletion strains (Trilla et al 1997). This evidence suggests that Chs4p is not controlling 
Chs3p at the transcriptional or translational level. Therefor, Chs4p is thought to control 
Chs3p at the post-translational level. More recently it has been shown through two-
hybrid assays that Chs4p activates Chs3p through protein-protein interaction (Ono et al 
2000). 
The chitin ring does not form normally in septin mutants which led to the 
discovery of Bni4p. Deletion of BNI4 results in derealization of chitin and cells with 
enlarged bud necks. Overexpression results in delocalized chitin and a morphology 
similar to septin mutants. Localization of Bni4p to the bud neck ring was shown to 
depend on the septins where as localization of Chs4p depends on the septins, Bni4p, 
and Chs3p. Bni4p has been shown by two-hybrid analysis to interact with Chs4p and 
Cdcl Op (DeMarini et al 1997). A link between the septin ring and chitin synthesis exist 
due to the evidence that Bni4p interacts with components from both of these complexes. 
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Axl2/Budl0p, Bud2p, Bud3p, and Bud4p 
Proteins involved in bud site selection and axial-budding compose the next 
group of proteins at the bud neck control ring. Axl2/Budl0p is needed for proper bud 
site selection in haploids as shown by the occurrence of bipolar budding in axl2/budl0 
mutated cells. Shown by biochemical fractionation and extraction experiments, 
AxI2/Budl0p is an integral membrane glycoprotein found at the plasma membrane. 
Localization of Axl2/Budl0p has been done by staining with antibodies and is found 
as a patch at the incipient bud site, at the periphery of small buds, and at the bud neck 
in medium to large budded cells (Roemer et al 1996). Pmt4p, a grotein mannosyl 
transferase, glycosylates Axl2/Budl0p which stabilizes the protein and promotes its 
proper localization (Sanders et al 1999). A mutation of AXL2/BUD10 was also found in 
a screen for repressors of FLO 11, a cell surface flocculin involved in cell-cell adhesion 
(Palecek et al 2000). Most recently, the expression profile has been determined. 
AXL2/BUD10 is expressed in late Gl and a pulse of expression during Gl is required for 
proper localization and function of Axl2/Budl0p. This protein relies on the secretory 
pathway machinery during Gl for delivery to its proper location in the cell (Lord et al 
2000). 
Bud2p is the GTPase-activating protein (GAP) for Budlp, a Ras-like small GTP-
binding protein. Deletion or overexpression of BUD2 cause random budding but not a 
growth defect (Park et al 1993). Using a GFP fusion, Bud2p has been shown to localize 
to the incipient bud site in Gl and to the bud neck after bud emergence depending upon 
the presence of the septins (Park et al 1999). 
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Bud3p functions in axial budding and localizes with the septins from mitotic 
spindle formation through cytokinesis as shown by immunofluorescence. When the 
mother and daughter cells separate, Bud3p remains at the same position on each cell 
through much of the following budding phase (Chant et a/1995). A mutation of BUD3 
was also identified in a screen for repressors of FLO 11 (Palecek et al 2000). Recently, 
the expression of BUD3 has been shown to occur close to the onset of mitosis and a S/G2 
pulse of expression controls Bud3p localization (Lord et al 2000). 
Bud4p is a novel protein with a potential GTP-binding motif. Immuno­
fluorescence experiments have shown Bud4p localizes at the bud neck ring in a similar 
pattern to that seen for Bud3p. Bud4p localization to the bud neck ring depends on Bud3p 
and the septins since localization is extremely diminished with a deletion of BUD3 and 
completely lost with a cdcl2 mutation at the restrictive temperature (Sanders et al 1996). 
A mutation of BUD4 was also identified in a screen for repressors of FLO 11 (Palecek et 
al 2000). 
Myolp 
Myolp is the only type II myosin in Saccharomyces cerevisiae. In most animal 
cells, an actin and myosin II ring (actomyosin ring) forms at the site of cell division and 
contracts when cytokinesis occurs. In yeast, Myolp forms a ring at the incipient bud site 
and its localization depends upon the septins. Myolp remains as a ring at the bud neck 
through anaphase when a ring of F-actin associates with it forming an actomyosin ring. 
The actomyosin ring then contracts and disappears (Bi et al 1998). Myolp localization is 
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diminished with a deletion of BNll but is not affected by deletion of BNR1 or 
HOF1/CYK2. A deletion of MYOI results in chains of cells with separated cytoplasm 
(Valien et al 2000). This evidence suggests that Myolp (and F-actin) with the septins 
function to ensure proper cytokinesis. 
Summary 
As demonstrated in the proceeding sections, a complex of over twenty proteins 
are found at the bud neck ring during the G2/M transition of the cell cycle. All of these 
proteins have some link to cellular morphology and several have a link to Cdc28p, which 
controls the transitions of the cell cycle, as well as cellular morphology. Large multi-
protein complexes have been shown to be involved in nuclear division and bud growth as 
well. To elucidate the interactions between all of these proteins would be a daunting task. 
Thus, the subject of this dissertation will focus on interactions between a few bud neck 
proteins in the effort to gain insight into how these proteins function in the coordination 
of cell morphology and nuclear division in yeast. 
Dissertation Organization 
This dissertation is formatted to include papers to be submitted to journals. 
Chapter 1 contains a general introduction and literature review to provide an overview 
of the current understanding of the events which coordinate cell morphology and nuclear 
division in Saccharomyces cerevisiae. Chapter 2 is a paper to be submitted to the Journal 
of Cell Biology detailing the localization interdependence exhibited by Elm proteins at 
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the bud neck control ring. Chapter 3 is a paper to be submitted to Molecular Cellular 
Biology on the interaction of Elmlp with Gin4p, Naplp, and Clb2p within the yeast cell. 
Chapter 4 consists of general conclusions and is followed by acknowledgements. 
My collaborators include Dr. Alan Myers, my major professor, Dr. Douglas R. 
Kellogg, at the University of California, Santa Cruz (UCSC), and Dr. Melissa J. 
Blacketer, a former post-doc in the lab. All of the original experiments described in these 
papers have been performed by me with the exception, in Chapter 2, of the sequencing of 
the elm 13-1 mutation, which was accomplished by Dr. Melissa J. Blacketer. The entire 
dissertation, including the two papers, was written by me with editorial input from Dr. 
Myers. 
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CHAPTER 2. ASSEMBLY INTERDEPENDENCE AMONG BUD NECK PROTEINS 
IN YEAST 
A paper to be submitted to the Journal of Cell Biology 
Courtney L. Thomas, Melissa J. Blacketer and Alan M. Myers 
Abstract 
In budding yeast, a ring of proteins assembles at the neck region between the 
mother and daughter cell and functions to control multiple aspects of cell morphology 
and cell division. This assembly consists of over twenty proteins. Little is known about 
the relationship between theses proteins or the functional consequences of their 
interactions. Among these, Elmlp, Elm2/Hsllp, and Cdcl2p are examined in this study. 
EMS induced mutations in ELMl, ELM2/HSL1, and CDC12 which cause or suppress 
abnormal elongated cell morphology were characterized. The original elml-l allele 
results in replacement of Thr-311 by an isoleucine. The original elm2-l allele contains a 
nonsense mutation in codon 790. The original elml3-l allele of the gene CDC12 causes 
replacement of Arg-363 by a lysine. Finally, the Sel2-1 allele of the ELM2/HSL1 gene, 
which supresses elml-l, causes replacement of Met-177 by a valine. Next, assembly 
interdependence of these three proteins was determined using GFP fusions. Assembly of 
Elmlp and Elm2/Hsllp into the bud neck ring depends on the septins, as demonstrated 
by mislocalization in the cdcl2 mutant. Proper assembly of Elm2/Hsllp was also found 
to depend upon Elmlp, however, Elmlp localized normally in the absence of 
Elm2/Hsllp. Normal assembly of Cdcl2p at the neck was dependent upon Elmlp and to 
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a small extent Elm2/Hsllp. Ectopic localization of Cdcl2p at the bud tip was observed 
greatly in elm I mutants and to a lesser extent in elm2/hsll mutants. Thus, Elmlp is a key 
factor in the assembly and maintenance of Elm2/Hsllp as well as the septins into the bud 
neck ring. 
Introduction 
In eukaryotes ranging from yeast to humans, cyclin dependent kinases (CDKs) are 
responsible for controlling passage through the cell cycle. The budding yeast, 
Saccharomyces cerevisiae, has one primary CDK catalytic subunit, Cdc28p, which 
associates with specific cyclin regulatory subunits to allow these transitions to occur 
(Hartwell et al 1970, Sudbery et al 1980, Mendenhall and Hodge 1998). Not only does 
Cdc28p in complex with a cyclin control the cell cycle, but these complexes also control 
the morphology of the yeast cell. For instance, the G2 to M phase transition of the cell 
cycle is controlled by Cdc28p-Clb2p complexes. These specific complexes also control a 
morphogenetic process that causes growth of the bud to switch from an apical to an 
isotropic mode through manipulation of the actin cytoskeleton (Lew and Reed 1993). 
Thus, Cdc28p-cyclin complexes activate control points for coordination of cell growth 
and division, yet very little is known about what proteins regulate or are regulated by 
Cdc28p-cyclin complexes. 
Several proteins are known to function upstream of Cdc28p-Clb2p complexes 
during the coordination of the G2/M cell cycle transition with the apical- to isotropic-
growth switch in the bud. These proteins were identified to function upstream because 
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absence or inactivation of the proteins results in a cell cycle delay or aberrant 
morphology that can be reversed by modification of Cdc28p-Clb2p complexes. One such 
protein, Swelp, is known to interact directly with Cdc28p-Clb2p complexes. Swelp 
phosphorylates Cdc28p thereby inactivating it in complex with Clb2p (Booher et al 
1993). This inhibition controls timing of mitosis. 
Two other upstream regulators of Cdc28p-Clb2p activity at the G2/M transition 
are EIm2/Hsllp and Elm5/Hsl7p. The Niml-like kinase, Elm2/Hsllp, and the protein 
methyl transferase, Elm5/Hsl7p, negatively regulate Swelp to allow mitosis and the 
apical- to isotropic-growth switch to occur properly (Blacketer et al 1995, Ma et al 1996, 
Lee et al 2000, Blacketer unpublished results, Edgington unpublished results).This has 
been shown by epistasis studies. If ELM2/HSL1 or ELM5/HSL7 is deleted, a delay in 
transition of the G2/M phase is observed as well as a slight elongated cell morphology. If 
SWE1 is deleted in conjunction with deletion of ELM2/HSL1 or ELM5/HSL7, the cell 
cycle delay is abolished and normal cell morphology is observed (Ma et al 1996, 
Edgington et al 1999). ELM2/HSL1 and ELM5/HSL7 were both originally identified in a 
screen for mutations which resulted in constitutive elongated cell morphology (Blacketer 
et al 1993). This screen was able to identify several genes that function in the 
coordination of cell morphology and cell division. 
Another gene identified in this same screen was ELM I. The serine/threonine 
protein kinase, Elmlp functions in the G2/M phase transition as shown by several 
studies (Blacketer et al 1993, Koehler and Myers 1995). If ELMl is deleted, a G2/M cell 
cycle delay is observed as well as an elongated cell morphology (Edgington et al 1999, 
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Moriya and Isono 1999). This is similar to what is seen for ELM2/HSLI and 
ELM5/HSL7. Specifically, the elongated cell morphology exhibited by cells with a 
deletion of ELM1 is eliminated by a second deletion of SWEI (Edgington et al 1999). 
This suggests that Elmlp also has a role upstream of Cdc28p-Clb2p complexes. 
Elmlp, Elm2/Hsllp, Elm5/Hsl7p, and Swelp have been shown to function 
upstream of Cdc28p-Clb2p complexes. The order of interaction of some of these proteins 
has been shown, but more is known. Besides sharing similar effects from gene deletion, 
Elmlp and Elm2/Hsllp have been linked by genetic interaction. A screen was performed 
to find secondary mutations which would recover the wild type morphology of elm l-l 
cells. A mutation termed Sel2-I was identified. Further studies have identified SEL2 as 
ELM2/HSLI (Edgington et al 1999). Thus, a mutation in ELM2/HSL1 can suppress the 
effect of a mutation in ELMl. This places Elmlp functioning before Elm2/Hsllp. The 
evidence suggests these four proteins may be functioning in a pathway beginning with 
Elmlp and ending with Swelp to affect Cdc28p-Clb2p complexes. 
Further evidence for a functional relationship between Elmlp, Elm2/Hsllp, 
Elm5/Hsl7p, and Swelp comes from localization of all four proteins to the bud neck ring 
during the G2/M phase transition of the cell cycle (Moriya and Isono 1999, Barrai et al 
1999, Shulewitz et al 1999, Longtine et al 2000). The bud neck ring consists of a scaffold 
of septin proteins upon which other proteins are thought to assemble (Harrar and Pringle 
1987, Ford and Pringle 1991, Kim et al 1991, Flescher et al 1993, Mino et al 1998). 
Septins are highly conserved GTPases with coiled-coil regions in their C-termini through 
which they are thought to associate with each other (Longtine et al 1996). The 
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septin gene mutation cdcl2-l, which results in elongated morphology and a G2/M delay 
at the restrictive temperature, lias been shown to be partially suppressed by deletion of 
SWE1 (Barrai et al 1999). The cell cycle and morphological defects in these mutants are 
also suppressed by the cdc28- Y19F mutation which removes the phosphorylation site on 
Cdc28p recognized by Swelp (Barrai et al 1999). Since septins co-localize with Elmlp, 
Elm2/Hsllp, Elm5/Hsl7p, and Swelp, and the effects of mutations can be corrected by 
modification of Cdc28p, they may be considered as well in the list of factors which affect 
Cdc28p-Clb2p complexes. Consistent with this hypothesis, one of the mutations in the 
elongated morphology screen, elm!3-l, was found to be an allelic of the septin gene 
CDC12. Thus, the septins, Elmlp, Elm2/Hsllp, and Elm5/Hsl7p all appear to function in 
a single multi-subunit complex that regulates coordination of cell morphology and cell 
division. 
This growing list of proteins not only localize to the same region of the cell, but a 
few have been shown to specifically interact. A physical interaction between Elm2/Hsllp 
and Elm5/Hsl7p has been found (Shulewitz et al 1999). Interaction between Elm5/Hsl7p 
and Swelp has also been shown. Co-immunoprecipitation was also used to demonstrate 
an interaction between Elm2/Hsllp and one of the septins Cdc3p (Barrai et al 1999). 
These evidences of physical interactions between bud neck ring proteins lends further 
support for a functional relationship leading to influence of Cdc28p-Clb2p complexes. 
Taken together these data suggest that Elmlp, and Elm2/Hsllp assemble together 
with the septins and other proteins into a multi-subunit complex that regulates Cdc28p-
Clb2p complex activity. An important aspect of understanding these molecular control 
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mechanisms is to discover how the individual components of the bud neck ring assemble 
into the larger structure. In this study, we have characterized several mutations that 
seemingly alter the coordination of cell morphology and nuclear division as well as 
observed the requirements for each to be incorporated into the bud neck ring. The results 
indicate assembly interdependence among Elmlp, EIm2/Hsllp, and Cdcl2p. 
Materials and Methods 
Strain Construction, Plasmids, and Media 
All Saccharomyces cerevisiae strains used in this study are listed in Table 1 and 
are derived from the D273-10B/A1 background obtained from A. Tzagoloff (Columbia 
University). The general strategy for strain construction was as follows. Beginning with 
an appropriate amino acid deficient strain, the native ELM2/HSLÎ gene was replaced in 
the chromosome by the null allele elm2/hsll::URA3 using standard yeast genetic 
engineering techniques. The fusion gene ELM2/HSL1 -GFP was then integrated at the 
leu2 locus of this strain. The functionality of the fusion protein was assayed by 
complementation of the null allele resulting in a wild type morphology. This strain was 
then mated to a strain bearing elml::HIS3 and tetrad dissection yielded elml::HIS3, 
elm2/hsll::URA3, leu2::ELM2/HSLl-GFP-LEU2 segregants. Dr. Nick Edgington 
constructed the integrative plasmid pNE63 by fusing a copy of the gene for green 
fluorescent protein (GFP) from jellyfish (Cormack et al 1996) to the carboxyl terminus 
(c-terminus of the translated protein) of ELM2/HSL1. Using standard cloning techniques, 
Tracie Bierwagen constructed pELM1-GFP-LEU as a c-terminus fusion of GFP to 
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Table 1. Saccharomyces cerevisiae strains 
Strain Genotype Source 
Y-3062 MATa ura3 leu2 his3 elm2::URA3 This study 
leu2::ELM2-GFP-LEU2 
Y-3077 MATa ura3 leu2 his3 cdc28-CI27Yelm2::URA3 This study 
leii2::ELM2-GFP-LEU2 
Y-3080 MATa ura.3 leu2 his3 cdc!2-R363Kelm2::URA3 This study 
leu2: .ELM2-GFP-LEU2 
Y-3191 MATa ura.3 leii2 his3 elml::HIS3 elm2::URA3 This study 
leti2::ELM2-GFP-LEU2 
Y-3212 MATa ura3 leii2 his3 elml-T3IIIelm2::URA3 This study 
leu2::ELM2-GFP-LEU2 
Y-3052 MATa ura3 leii2 elml-KlI7R elm2::URA3 M. Blacketer 
leu2::ELM2-GFP-LEU2 
Y-3200 MATa ura3 leii2 his3 elml::HIS3 T. Bierwagen 
leu2::ELMl-GFP-LEU2 
Y-3292 MATa ura3 leii2 his3 elm2::URA3 elml::HIS3 This study 
leu2::ELMl-GFP-LEU2 
Y-3298 MATa leu2 his3 cdc28-C127Yelml::HIS3 This study 
leu2::ELMI-GFP-LEU2 
Y-3325 MATa ura3 leti2 his3 cdcl2-R363Kelml::HIS3 This study 
leu2: :ELM1 -GFP-LEU2 
Y-3331 MATa leii2 his3 elm2-790STOP elml::HIS3 This study 
leu2::ELMl-GFP-LEU2 
Y-3354 MATa ura3 leu2 his3 elml::HIS3 This study 
Ieu2::elml-Kl 17R-GFP-LEU2 
Y-3370 MATa ura3 leii2 his3 Elm2-M177Velml::HIS3 This study 
leu2::ELMl-GFP-LEU2 
Y-3393 MATa/o. ura3/ura3 Ieu2/leu2 his3/his3 This study 
elm 1 ::HIS3/elm 1 ::HIS3 leu2::ELMl-GFP-LEU2/ 
leu2::ELMl-GFP-LEU2 ELM2/Elm2-Ml 77V 
Y-3112 MATa ura3 leu2 his3 CDCI2-GFP-LEU2 M. Blacketer 
Y-3134 MATa ura3 leu2 CDC12-GFP-LEU2 M. Blacketer 
elm2-790STOP 
Y-3137 MATa ura3 leu2 CDC12-GFP-LEU2 cdc28-C127Y M. Blacketer 
Y-3156 MATa ura3 leu2 CDCI2-GFP-LEU2 elml-T3111 M. Blacketer 
Y -3293 MATa ura3 leii2 his3 CDC 12-GFP-LEU2 This study 
elm2::URA2 
Y-3301 MATa ura3 leiû his3 CDC12-GFP-LEU2 This study 
elml::HIS3 
Y-3323 MATa ura3 leu2 CDC12-GFP-LEU2 elml-Kl 17R This study 
Y-3355 MATa ura3 leu2 CDCI2-GFP-LEU2 Elm2-M177V This study 
Y-3357 MATa ura.3 leu2 CDCI2-GFP-LEU2 elml-T31II This study 
Elm2-Ml 77V-URA3 
Y-3358 MATa ura3 leu2 his3 CDC12-GFP-LEU2 This study 
elml::HIS3 elm2::URA3 
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ELMl. Tagging the septin gene CDC12 was accomplished by integrating a copy of GFP 
into the native locus in yeast by Dr. Melissa Blacketer. This C-terminus fusion included a 
copy OÎLEU2 as a selectable marker. Standard genetic methods -were used for mating, 
selection of diploids, induction of meiosis, and tetrad dissection (Rose et al 1990). The 
strains used in this study were created by Courtney Thomas, unless otherwise stated, by 
crossing strains bearing the GFP tagged genes to strains containing the listed mutation 
and isolating progeny bearing both traits. 
To observe the localization of a catalytically inactive Elmlp, p elml-Kl 17R-GFP 
was constructed. A 1.66 kb fragment containing the mutation was PCRed from pCK50 
(from Dr. Caria Koehler) and digested with Apa I and Bgl II restriction endonucleases. 
Simultaneously, pELMl-GFP-LEU2 was also digested with the same enzymes. The 
elml-Kl 17R fragment was ligated into the GFP-LEU vector to form pelml-KI 17R-GFP-
LEU. The plasmid was sequenced to verify the presence of the mutation and integrity of 
the GFP tag. The plasmid was then linearized with Bst EH and transformed into a strain 
in which ELMl was disrupted with HIS3. 
All yeast strains were cultured at 30 degrees Celsius and the following media 
were used YPD (1% yeast extract, 2% peptone, 2% glucose), SD (2% glucose, 0.17% 
yeast nitrogen base without amino acids and ammonia, 0.5% ammonium sulfate, 
supplemented as needed with histidine, leucine, methionine, and uracil at 20 mg/ml 
each), sporulation medium (1% potassium acetate, 0.05% glucose, 0.1% yeast extract, 
supplemented with amino acids listed above). All solid yeast media included 2% agar. 
Yeast strains were transformed using the LiAc procedure (Rose et al 1990). 
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Microscopic Techniques 
The GFP tagged proteins were observed in live cells grown overnight on solid 
media at 30 degrees Celsius and resuspended in a drop of 1 M sorbitol on glass 
microscope slides under a cover slip. All observations were made on an Olympus BX60 
epifluorescent microscope using 100X oil emmersion magnification. Fluorescence was 
observed by exciting the GFP at 450 to 490 tun and capturing at 500 to 550 nm with an 
Endo-GFP filter cube. Photographs were taken using an Olympus 35mm camera with 
Kodak TMAX 400 black and white film. Fluorescence was captured first followed 
immediately by differential image contrast (DIC) of the exact same field. Negatives were 
developed by hand using Kodak Developer and Rapid Fixer and scanned into a 
laboratory computer using Nikon Cool Scan software and a negative scanner provided by 
Iowa State University (ISU) protein facility. 
Trials to Quantify Localization 
Cells were grown overnight on solid media at 30 degrees Celsius and resuspended 
in a drop of 1M sorbitol on glass microscope slides under a cover slip. At least 200 
individual budded cells were observed and localization of the GFP tagged protein was 
recorded. Localization was recorded as absent, present at the bud neck, or present at the 
bud tip. The last two options were not mutually exclusive. Two more trials, starting with 
freshly grown cells, were performed as described above. Trials were performed blind to 
prevent bias. 
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Sequencing of elml-1, elm2-l, Sel2-1 and elml3-l 
Twenty-three primers were designed for ELMl/HSLl to cover the entire 4.557 kb 
gene. Polymerase chain reaction (PCR) was performed to amplify three 0.8 kilo base pair 
(kb), one 1.3 kb, and one 1.8 kb regions of elm2-l and Sel2-I. These regions were 
concentrated by use of a Promega Wizard Prep Kit and sent for sequencing with the 
correct primers to ISU DNA Sequencing and Synthesis Facility (DSSF). Each region of 
the mutated genes was sequenced with forward and reverse primers and many segments 
overlapped for additional coverage. The sequencing results were compared by hand with 
the wild type ELM2/HSLI sequence obtained from the Saccharomyces Genome Database 
(SGD). Differences are reported in the Results section. A similar strategy was used to 
identify the mutation in elml-1. Twelve primers were designed to cover the entire 1.923 
kb gene. PCR was used to amplify three 1 kb regions of elml-1 which were concentrated 
and sequenced by ISU DSSF. Differences from the wild type version obtained from SGD 
are reported in the Results section. Similar techniques were used to sequence elml3-1. 
Results 
Molecular Characterization of elml-1, eim.2-1, Sel2-1 and elml3-l 
Several ethyl methanesulfonate (EMS)-induced or spontaneous mutations in 
ELMl, ELM2/HSL1, or CDC12/ELM13 have been found to have specific effects on cell 
morphology (Blacketer et al 1993, Blacketer et al 1995, Edgington et al 1999). To obtain 
general information about how these alterations might affect bud neck ring function and 
thus control cell morphology, the nucleotide sequence of each mutated gene was 
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determined. Sequencing results show that the EMS-induced mutation elml-1 contains a 
single base substitution that changes the normal threonine codon (ACT) to an isolucine 
(ATT) codon at position 311 (Blacketer et al 1993). Thus, for convenience elml-l will 
from here on be referred to as elml-TSllI. The domain structure of Elmlp consists 
primarily of a kinase domain near the amino-terminus without other recognizable primary 
sequence domains elsewhere in the protein. The amino acid affected by elml-T3HI is 
located within the protein kinase domain (Figure 1). This mutation results in a 
constitutive elongated cell morphology which differs from the less elongated morphology 
resulting from deletion of elml (Figure 2a vs. 2b). Thus, we propose that this altered 
protein is being expressed and functioning within the cell. 
Two allelic mutations were identified in ELM2/HSL1. The first mutation was 
induced by EMS and was identified as elm2-l in the search for genes functioning in the 
coordination of cell morphology and nuclear division (Blacketer et al 1993, Blacketer et 
al 1995). Sequencing of the mutated gene reveals that elm2-l contains a single base 
substitution that changes the normal glutamine codon (CAA) to a STOP codon (TAA) at 
position 790. From here on, the elm2-l mutation will be referred to as elm2-790STOP. 
This was the only mutation present in the entire 4.5 kb coding region of the gene as 
compared to wild type ELM2/HSL1 in the D273-10B genetic background. However, two 
nucleotide sequence polymorphisms were observed in the D273-10B background relative 
to the genomic sequence in the public database (A 253008 to T and T 253009 to G). The 
domain structure of Elm2/Hsllp consists of an amino-terminal kinase domain followed 
by a long carboxyl-terminal extension (Figure 1 ). Within the C-terminus, four regions 
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Elmlp 
t 
T3l II = elml-l 
Elm2/Hsllp 
N 
M177 V = Sell-1 
T 987 Elm5p binding 1332 
79QSTOP = elm2-l (Shulewitz et al 1999) 
Cdcl2p 
n nr' ' ' VÀC 
t 
R363K. = elml 3-1 
Q Kinase Domain Coiled Coil Domain ^--j Pot. GTP Binding Site I 1 = lOOaa 
Figure 1. Sequencing results for elml-1, elm2-l, Sel2-1 and elml3-1 
predicted to contain coiled-coil structures are present. The elm2-l nonsense mutation is 
predicted to result in a truncated protein lacking three out of the four coiled-coil regions. 
The predicted truncated protein is also missing the interaction site for binding to 
Elm5/Hsl7p (Shulewitz et al 1999). The effect of elm2-790STOP on cell morphology is 
much more severe than that of the elm2/hsll deletion (Figure 2c vs. 2d). Thus, we 
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Figure 2: Morphology of cells with elm mutations a) elml-T311I b) delta elml c) elm2-
790STQP d) delta elm2/hsll e) Elm2-M177V f) cdcl2-R363K 
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propose that the truncated protein is in fact expressed and interacts with other bud neck 
components. 
A separate mutation in ELM2/HSL1 was also identified. The dominant mutation 
Sel2-I was identified in a search for spontaneous second site mutations resulting in 
suppression of the elongated morphology of elml-1 cells (Edgington et al 1999). 
Sequencing of the mutated gene reveals that Sel2-1 contains a single base substitution 
that changes the normal methionine codon (ATG) to a valine codon (GTG) at position 
177 (Figure 1). From here on, Sel2-1 will be referred to as Elm2-M177V. The amino acid 
affected by this mutation is located within the protein kinase domain. Alone, this 
mutation does not appear to alter the morphology of cells. This is different from the 
slight elongated morphology of cells with a deletion of elm2/hsll (Figure 2e vs. 2d). 
Thus, we propose that the altered protein is expressed and functioning within the cell. 
Another mutation discovered in the screen for elongated morphology, elml3-I, 
was subsequently identified as an allele of the septin gene CDC 12 (Blacketer et al 1993). 
Sequencing of the mutated gene reveals a single base substitution that changes the normal 
arginine codon (AGA) to a lysine codon (AAA) at position 363 (Figure 1). From here on, 
elml3-1 will be referred to as cdcl2-R363K. The amino acid affected by this mutation 
resides within the predicted coiled-coil region of the protein (Figure 1). A constitutive 
elongated cell morphology results from this mutation which differs from the terminal 
effect of deleting CDC12 (Figure 2f). Thus, we propose the altered protein is expressed 
and functioning within the cell. 
The protein kinase domains of Elmlp and Elm2/Hsllp were aligned with three 
56 
well characterized kinases in order to predict possible effects of the elml-T3l II and 
Elm2-M177V mutations. Figure 3 shows the alignment of yeast Elmlp and Elm2/Hsllp 
with rat CaM kinase, pig CAPK, and human Cdk2. Once aligned, the amino acid affected 
by the point mutation in yeast can be compared to the amino acid present in the related 
kinases. To predict the effect of substituting one amino acid for another on the kinase 
domains of Elmlp and Elm2/Hsllp, the crystal structure of human Cdk2 was used. 
Figure 4 shows the predicted three dimensional (3D) location of the amino acids altered 
by the elm 1-T311I and Elm2-Ml 77Vmutations. In -Cdk2, the residue corresponding to 
M177 in Elm2/Hsllp is located such that the side cliain extends into the active site. This 
amino acid is not directly involved in the catalytic mechanism (DeBondt et al 1993). 
Thus, the authors propose that the Elm2-Ml 77V mutation may alter substrate specificity. 
The elml-T31 II mutation, while still altering the kiznase domain, does not appear to affect 
the active site. 
Effects of Other Bud Neck Components on ElmLp Localization 
GFP fusion proteins were used to observe localization of Elmlp to the bud neck 
and to detect alterations in this localization function» depending on several parameters. As 
explained in the Materials and Methods section, native ELMl was deleted and an ELM1-
GFP gene fusion under control of the native promoter was integrated into the genome at 
the leu2 locus. ELMl-GFP complimented the elml deletion with regard to the cell 
morphology defect and thus appears to provide all functions of the native protein (data 
not shown). Figure 5a shows Elmlp located at the b-ud neck region of the cell, in 
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Figure 3. Alignment of Elmlp (T31 l=2nd box) and Elmlp (M l 77= 1st box) 
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Figure 4. Crystal structure of human Cdk2 as a model for the kinase domains of Elmlp 
and Elm2/Hsllp. Light arrow indicates the position of the effect of the Elm2-M177V 
mutation and the dark arrow indicates the position of the effect of the elml-T31 II 
mutation. 
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agreement with others (Moriya and Isono 1999). Quantitative data presented in Table 2 
show that Elmlp is found at the bud neck in about 70% of the budded cells. To determine 
whether catalytic activity is required for localization, a similar gene fusion was 
constructed in which the catalytic R117 was mutated. A complete lack of bud neck 
localization is observed for the catalytically inactive Elml-GFPp (Figure 5b, Table 2). 
Thus, localization of Elmlp to the bud neck ring requires the catalytic activity of Elmlp. 
Because Elmlp and Elm2/Hsllp have been linked by suppressor studies, the 
dependence of Elmlp localization on Elm2/Hsllp function was tested. The ability of 
Elmlp to incorporate into the bud neck complex is not affected by deletion of 
ELM2/HSL1 (Figure 5c, Table 2). The same result was observed for the elm2-790STOP 
truncation mutation which results in constitutive elongated cell morphology (Figure 5d, 
Table 2). Thus, Elmlp localization is not dependent on the presence of Elm2/Hsllp. 
Eventhough Elm2/Hsllp is not needed for Elmlp to incorporate normally into the 
bud neck complex, it can have an observable effect on Elmlp localization. Elmlp is 
frequently absent, only about 20% localized to the bud neck (Table 2), when observed in 
strains containing the Elm2-M177V mutation found to suppress the elongated 
morphology of elml-1 cells (Figure 5e). This mutation was previously determined to be 
dominant by its ability to suppress the elongated morphology of elml-1 cells in the 
presence of a wild type copy of ELM2/HSL1 (Edgington et al 1999). To determine the 
dominant or recessive effect of this mutation on Elmlp localization, a diploid strain was 
constructed bearing one wild type copy of ELM2/HSL1 and one copy of Elm2-M177V 
(see Materials and Methods). In this strain, Elmlp neck localization is reduce by about 
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Figure 5. Localization of Elml-GFPp a) in wild type cells b) elml-Kl 17Rp localization 
c) Elml-GFPp in delta elm2/hsll d) in elm2-790STOP e) in Elm2-M177V f) in cdcl2-
R363Kand g) in cdc28-C127Y. 
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Table 2. Quantitative Summary of Localization Interdependence 
Genotype % at Bud Neck % at Bud Tip 
ELM1-GFP 70 ± 4 N/O 
ELMl-GFP elm2::URA3 66 ± 9 N/O 
ELMl-GFP elm2- 79ÛSTOP 70 ± 7 N/O 
ELMl-GFP Elm2-Ml 77V 19 ± 3 N/O 
ELMl-GFP/ELMI-GFP ELM2/Elm2-Ml 77V 53 ± 3 N/O 
ELM1-GFP cdcl2-R363K 11 ± 6 1 ± 0 
ELMl-GFP cdc28-C!27Y 68 ± 7 N/O 
elml-Kl 17R-GFP N/O N/O 
ELM2-GFP 83 ± 7 N/O 
ELM2-GFP elml-T3111 7 ± 4 2 ± 1 
ELM2-GFP elml::HIS3 6 ± 2 1 ± 1 
ELM2-GFP elml-Kl 17R 17 ± 7 N/O 
ELM2-GFP cdcl2-R363K 5 ± 1 3 ± 1 
ELM2-GFP cdc28-C127Y 76 ± 5 N/O 
CDC12-GFP 98 ± 0 N/O 
CDC12-GFP elml::HIS3 51 ± 9 43 ±11 
CDC12-GFP elml-T3111 54 ± 6 39 ± 6 
CDC12-GFP elml-Kl 17R 56 ± 8 56 ±14 
CDC12-GFP elm2::URA3 76 ± 1 13 ± 2 
CDC12-GFP Elm2-Ml 77V 96 ± 4 N/O 
CDC12-GFP elm2-790STOP 89 ± 2 N/O 
CDC12-GFP elml::Helm2::U 47 ± 8 22 ± 1 
CDC12-GFP elml-T3111 Elm2-M177V 57 ± 6 13 ± 2 
CDCI2-GFP cdc28-CI27Y 80 ± 6 N/O 
20% (Table 2). Thus, the Elm2-M177V mutation has a dominant inhibitory effect on the 
ability of Elmlp to localize properly at the bud neck 
The septins have been proposed to form a scaffold at the bud neck upon which 
other proteins assemble (Haarar and Pringle 1987, Ford and Pringle 1991, Kim et al 
1991, Flescher et al 1993, Mino et al 1998). A mutation affecting that scaffold may affect 
the ability of other bud neck proteins to localize properly. Therefor, the ability of 
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Elmlp to localize in a septin mutant was examined. The cdcI2-R363K mutation results in 
cells with a constitutive elongated cell morphology (Figure 2, Blacketer et al 1995). This 
mutation alters the coiled-coil region of Cdcl2p potentially affecting the ability of 
Cdcl2p to bind to other septins and possibly destabilizing the septin scaffold (Figure 1). 
This mutation was found to severely reduce the ability of Elmlp to localize to the bud 
neck (Table 2). Also, this mutation was found to result in a small amount of mislocalized 
Elmlp to the bud tip region (Figure 5f, Table 2). Thus, it is demonstrated that normal 
septin function is needed for proper localization of Elmlp. 
Effects of Other Bud Neck Components on EIm2/Hsllp Localization 
Similar to what was described for Elmlp, a GFP fusion was used to observe the 
bud neck localization of Elm2/Hsllp and to detect alterations in that localization 
depending on several parameters. Once again, ELM2/HSL1-GFP complimented the 
morphology defect of the gene deletion and thus appears to provide all functions of the 
native protein. Elm2/Hsllp, as shown in Figure 6a, normally is found at the bud neck 
region in agreement with others (Barrai et al 1999). Quantitative data show Elm2/Hsllp 
at the bud neck in about 80% of the budded cells (Table 2). These results give an 
impression of the normal presence of Elm2/Hsllp at the bud neck ring. 
As mentioned previously, suppressor studies provide a link between Elm2/Hsllp 
and Elmlp. Therefor, the dependence of Elm2/Hsllp localization on Elmlp function 
was examined. Elmlp appears to be important for the incorporation of Elm2/Hsllp into 
the bud neck complex. This is shown by the severe reduction, from about 80% to about 
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Figure 6. Localization of Elm2/Hsll-GFPp a) in wild type cells b) in delta elml c) in 
elml-T31 II d) in elml-KlI7R e) in cdcl2-R363K f) in cdc28-C!27Y 
6%, in Elm2/Hsllp at the bud neck when ELMl is deleted (Figure 6b, Table 2). Similar 
results are observed when the elml-T31II mutation which results in constitutive 
elongated cell morphology is examined (Figure 6c, Table 2). Not only is Elm2/Hsllp 
barely localizing to the bud neck region in these mutants, but it is also rarely found to 
mislocalize to the bud tip region (Table 2). Also, specific inactivation of the kinase 
activity of Elmlp largely reduces the ability of Elm2/Hsllp to properly assemble (Figure 
6d). Table 2 shows that the catalytically inactive elml-Kl 17R mutation results in only 
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about 17% of Elm2/Hsllp localized to the bud neck region. These results show that 
normal catalytic activity of Elmlp is needed for Elm2/Hsllp to be properly incorporated 
into the bud neck complex. 
The scaffold function of the septins was once again tested this time in regard to 
the localization of Elm2/Hsllp. The cdc!2-R363K mutation, as examined previously, 
alters the coiled-coil region of Cdcl2p potentially destabilizing the septin scaffold. As 
seen for Elmlp, this mutation severely reduces the ability of Elm2/Hsllp to assemble into 
the bud neck complex. Specifically, a decrease from the normal 80% to only 5% of 
Elm2/Hsllp is found at the bud neck region in mutant cells (Table 2). This mutation, 
similar to the absence of ELMl, results in a small amount (about 3%) of mislocalization 
of Elm2/Hsllp to the bud tip region (Figure 6e, Table 2). These results show that normal 
septin function is needed for proper localization of Elm2/Hsllp to the bud neck ring. 
Effects of Other Bud Neck Components on Septin Stability 
To observe the cellular localization of Cdcl2p, a GFP tag was incorporated into 
the native locus as explained in the Materials and Methods section. These cells exhibited 
normal growth and morphology demonstrating the functionality of the fusion. In 
agreement with others, Cdcl2p was found to localize to the bud neck region of the cell 
(Figure 7a, Haarar and Pringle 1987). The presence of Cdcl2p at the bud neck was 
observed consistently 98% of the time as shown by Table 2. These results demonstrate 
the normal stability of the septins at the bud neck ring. 
Several links exist between the septins and Elmlp. The similar effects of deletion 
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of ELMl or mutation of CDC12 can be all or partially suppressed by deletion of SWE1; 
both were discovered in a screen for genes affecting cell morphology and division; and 
the septins and Elmlp co-localize to the bud neck ring. Therefor, the dependence of 
Cdcl2p localization on Elmlp function was examined. Deletion of ELMl was found to 
result in only about 50% of Cdcl2p at bud neck ring (Figure 7b, Table 2). Similar results 
were seen with mutations in ELMl. The elml-Kl 17R mutation, rendering the protein 
catalytically inactive, resulted in only 54% proper septin localization (Figure 7c, Table 
2). Also, the elml-T31II mutation resulted in only about half of the normal amount of 
Cdcl2p localizing to the bud neck (Figure 7d, Table 2). Both mutations and the deletion 
also resulted in 40 to 50% of Cdcl2p mislocalizing to the bud tip region (Table 2). These 
results demonstrate that the catalytic activity of Elmlp is needed for proper 
maintenance of the septins at the bud neck ring. 
A link between the septins and Elm2/Hsllp exists for the same reasons listed 
above for a link between the septins and Elmlp. Also, a physical interaction between 
one of the septins, Cdc3p, and Elm2/Hsllp strengthens the possibility for a functional 
relationship. Thus, the dependence of Cdcl2p localization on the function of Elm2/Hsllp 
was examined. The septin complex at the bud neck is not as severely affected by 
Elm2/Hsllp as was seen for Elmlp. Deletion of ELM2/HSL1 reduces the amount of 
Cdc 12p at the bud neck by close to 25% (Table 2) and results in a noticeable amount of 
mislocalization to the bud tip region (Figure 7e). The elm2-790STOP mutation, which 
results in the loss of three of the four coiled-coil regions of the protein, has less of an 
effect on septin assembly by reducing localization around 10% (Figure If, Table 2). 
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Figure 7. Localization of Cdcl2-GFPp a) in wild type cells b) in delta elm 1 c) in elml-
Kl 17R d) in elml-T311I e) in delta elml f) in elm2-790STOP g) \nElm2-M177V h) in 
delta elml & elm2 i) in elml-T31 II Elm2-M177V j) in cdc28-C127Y 
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However, the Elm2-Ml77Vmutation that suppress the effects of elml-T3lII has little to 
no effect on the ability of the septins to form a stable complex at the bud neck (Figure 7g, 
Table 2). These results suggest that the coiled-coil regions of Elm2/Hsllp are needed to a 
minor extent for proper stability of the septins. 
To test a combinatorial effect of altering more than one bud neck ring protein on 
the localization of the septins, double deletions and mutations were examined. A double 
deletion of ELMl and ELM2/HSLI is more severe, only 47% localized septins, than 
either single deletion at preventing Cdcl2p from localizing normally to the bud neck 
(Figure 7h, Table 2). However, the mislocalization of Cdcl2p to the bud tip was less 
severe, only 22%, in the double mutant as compared to the ELMl single deletion (43% 
Table 2). This was still more severe than the 13% observed in the ELM2/HSL1 single 
deletion (Table 2). These results suggest that a combination of bud neck ring proteins are 
involved in the stability of the septins at the bud neck ring. 
Also, the effect of a double mutation on septin localization was examined. The 
elml-T31 II mutation, when paired with the suppressing mutation EIm2-M177V, results 
in cells with wild type cell morphology (Edgington et al 1999). Despite the normal 
morphological appearance, this double mutation severely effects septin stability at the 
neck. Only about 57% of Cdcl2p localizes to the bud neck region in the double mutant 
close to the 54% localized in cells with the elm 1-T311I mutation alone (Figure 7i, Table 
2). This result is quite different from the near normal bud neck localization of Cdcl2p 
observed in the Elm2-MI77V mutation alone (Table 2). The double mutation also causes 
Cdcl2p to mislocalization of the bud tip region in 13% of the cells (Table 2). This is 
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much less than the 39% from the elml-T31II mutation alone, but more than the absence 
of bud tip localization from the Elm2-MI77V mutation alone (Table 2). These results 
suggest that the aberrant septin localization induced by the elml-T31II mutation alone is 
slightly reduced in the double mutant. However, these results also show that normal cell 
morphology can be maintained even when the septins are not properly localized to the 
bud neck ring. 
Effects of CDC28 Alteration on Localization of Bud Neck Ring Proteins 
Thus far, it has been shown that several proteins found to localize to the bud neck 
region of the cell during the G2/M transition are upstream effectors of Cdc28p-Clb2p 
complexes. It is possible, however, that Cdc28p may itself may be an upstream effector 
of the bud neck ring proteins. In fact, data has been presented showing that, in NAP I 
deleted strains, normal catalytic levels can be reached for Cdc28p-Clb2p complexes, yet 
the apical- to isotropic-growth switch does not occur (Kellogg and Murray 1995). This 
suggests that Naplp, which binds to the bud neck protein Gin4p, may be a downstream 
target of Cdc28p-Clb2p complexes. The same result has been shown for deletion of 
ELM1 (Sreenivasan and Kellogg 1999). Thus, Cdc28p-Clb2p complexes may be 
upstream effectors of the bud neck complex. 
One mutation may be helpful in sorting out the relationship between Cdc28p and 
the bud neck ring proteins. The cdc28-C127Ymutation results in constitutive elongated 
cell morphology (Blacketer et al 1995). This mutation has been predicted to reduce the 
ability of Cdc28p to bind Clb2p (Edgington et al 1999). If this mutation reduces the 
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ability of proteins to incorporate into the bud neck, it would support the theory for 
Cdc28p-Clb2p complexes functioning upstream of the bud neck ring. If, however, this 
mutation does not effect localization of bud neck ring proteins, it suggests that Cdc28p-
Clb2p complexes may not be upstream effectors. 
To determine if this specific alteration of Cdc28p had an effect on incorporation 
of proteins into the bud neck, localization of bud neck ring proteins was examined in this 
mutant. The cdc28-C127Y does not affect the ability of Elmlp to be incorporated into 
the bud neck complex because near normal localization is observed (Figure 5g, Table 2). 
As seen for Elmlp, this mutation does not affect the ability of Elm2/Hsllp to incorporate 
into the bud neck complex (Figure 6f, Table 2). This mutation causes a very minor 
reduction in septin complex stability (Figure 7j). Cdcl2p neck localization is reduced 
about 18% and no bud tip mislocalization is observed (Table 2). These results support 
the theory that Cdc28p is a downstream target of bud neck proteins. 
Discussion 
Molecular Characterization of elm Mutations 
Several mutations affecting cell morphology were previously identified and their 
nucleotide sequence was determined here (Blacketer et al 1993, Blacketer et al 1995, 
Edgington et al 1999). The elml-l mutation was shown to contain a single base 
substitution that changes the normal Thr-311 codon to an isoleucine (elml-T31 IT). The 
presence of this amino acid substitution within the kinase domain of the resultant protein 
drastically affects cell morphology. Specifically, this changes the normal polar residue 
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(threonine) to a slightly larger, nonpolar amino acid (isoleucine). Eventhough it is not 
known what specific effect this mutation has on the protein, modeling was used to assess 
possibilities. The results of modeling (Figures 3 and 4) show that this amino acid 
substitution does not occur within the active site, so it is unlikely to affect catalytic 
activity. One possibility is that this mutation causes a secondary effect on protein 
structure. This may indirectly affect catalysis or substrate specificity, or even assembly 
of Elmlp with other proteins. One way to test these possibilities would be to compare 
the catalytic activity of the altered Elmlp to that of the wild type. Another test would be 
to determine if the ability of Elmlp to interact with other proteins is different in the 
mutant. 
The Sel2-1 mutation may, on the other hand, directly affect catalysis. Previously, 
it was discovered that Sell-1 was an allele of ELM2/HSL1 (Edgington et al 1999). In this 
work, the mutated gene was shown to contain a single base substitution that changes the 
normal Met-177 codon to a valine (Elm2-M177V). This amino acid substitution was 
determined to occur within the kinase domain of the protein. Modeling of this 
substitution onto the known crystal structure of human Cdk2 shows that this residue 
faces into the active site. This suggests that this mutation may affect substrate access or 
the rate of catalysis. This amino acid is not known to be directly involved in the catalytic 
mechanism (DeBondt et al 1993). Therefor, this mutation probably is affecting substrate 
access. The fact that this mutation recovers the defects of the elml-T3111 mutation 
suggests that Elm2/Hsllp functions downstream of Elmlp within the cell. If normally 
Elmlp activates Elm2/Hsllp, perhaps the elml-T3HI mutation results in a protein 
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unable to interact with Elm2/Hsllp. The Elm2-M177Vmutation would then result in a 
protein with increased catalytic activity to overcome the lack of stimulation from the 
altered Elmlp. This could be tested by comparing the catalytic activity or substrate 
specificity of wild type Elm2/Hsllp to the protein produced in the mutant. 
The nucleotide sequence of another allele of ELM2/HSL1, elm.2-1, was 
determined. The elm.2-1 allele was shown to contain a nonsense mutation at residue 790 
(elm2-790STOP). This mutation was determined to result in a protein lacking three of the 
four coil-coil domains within the C-terminus. Also, this truncated protein no longer 
contained the binding site for interaction with Elm5ZHsl7p. The increased severity of the 
effect of this mutation over that of the deletion suggests the truncated protein is produced 
and functioning within the cell. If this truncated protein lacks the ability to interact with 
Elm5ZHsl7p, the ability of Elm2/Hsllp and Elm5/Hsl7p to negatively regulate Swelp is 
expected to be severely reduced. Also, lacking three out of four coiled-coil domains 
could reduce the ability of Elm2/Hsllp to interact with the septins normally at the bud 
neck. The truncated protein may not be completely unable to interact with the septins as 
shown by the more severe elongated cell morphology exhibited by cells expressing elml-
790STOP as opposed to cells without any Elm2/Hsllp. In fact, this truncated protein 
may actually destabilize the septin ring. This was tested in subsequent experiments and 
will be discussed in a following section. 
Finally, the nucleotide sequence of the elm 13-1 mutation was determined. 
Previously, this mutation was found to be an allele of the septin gene CDC12 (Blacketer 
et al 1993). The mutated gene was shown to contain a single base substitution replacing 
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the normal Arg-363 codon with a lysine (cdcl2-R363K). In the resultant protein, this 
change maintains the positive charge of the residue, but increases the size. The presence 
of this substitution within this region of the protein could upset the normal coiled-coil 
structure. This would, in turn, decrease the ability of the altered Cdcl2p to interact with 
other coiled-coil proteins. Thus, the stability of the septin ring might be reduced. This 
was tested by constructing a gene fusion of cdcl2-R363K to GFP and observing 
localization of the altered protein. No bud neck localization of the resulting protein was 
observed indicating that this altered protein is unable to incorporate into the bud neck 
ring normally with other septins (data not shown). Two-hybrid analysis may lead to a 
difinative answer to the ability of this protein to interact with other septins. 
Assembly Interdependence Among Bud Neck Ring Proteins 
The results presented here have demonstrated assembly interdependence among 
bud neck ring proteins. This interdependence could be indicative of a direct or an indirect 
relationship between Elmlp, Elm2/Hsllp, and Cdcl2p. A direct relationship may involve 
phosphorylation or physical interaction between these proteins. For example, Elmlp and 
Elm2/Hsllp may physically interact with each other. This interaction alone could be 
enough to allow Elm2/Hsllp to localize to the bud neck ring or phosphorylation of 
Elm2/Hsllp by Elmlp may also be required. An indirect relationship may involve other 
proteins as the targets of phosphorylation or as binding partners. For example, Elmlp 
may bind to the septins or another bud neck ring protein. This interaction could alter the 
conformation of the bud neck ring to open up a binding site for Elm2/Hsllp. Thus, 
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Elm2/Hsllp could subsequently assemble at the bud neck. It is difficult to distinguish 
between these possibilities due to the complex nature of the multi-subunit complex that is 
the bud neck ring. However, the results presented here suggest some relationships over 
others as will be discussed in this section. 
Assembly Interdependence of Elmlp 
Proper assembly of Elmlp into the bud neck complex has been shown here to 
depend on the septins (Cdcl2p) and to a lesser extent on Elm2/Hsllp. The CDC12 
mutation used in this study, cdcI2-R363K, results in a protein with an altered coiled-coil 
region potentially affecting protein-protein interactions (Figure 1). This mutation is not as 
severe as the temperature sensitive mutations reported elsewhere which result in an 
impassable cell cycle delay (Hartwell et al 1970). Normally, the septins have been shown 
to be present at the bud neck throughout budding and are thought to form a scaffold upon 
which the other bud neck proteins assemble (Haarer and Pringle 1987, Ford and Pringle 
1991, Kim et al 1991, Flescher et al 1993, Mino et al 1998). With this in mind, it is not 
difficult to explain how a mutation which may destabilize the interaction between the 
septins themselves may result in a decreased integration of subsequent proteins into the 
bud neck complex. This appears to be the case since Elmlp is rarely found at the bud 
neck in this septin mutant. 
The requirement of Elm2/Hsllp for Elmlp to assemble properly appears to be 
more complex. When Elm2/Hsllp is absent or truncated, Elmlp localization is not 
affected. Thus, Elm2p is not required for Elmlp to localize to the bud neck ring. 
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However, modification of Elm2/Hsllp can prevent Elmlp from localizing properly. 
.When the protein resulting from the Elm2-Ml77Vmutation is present, Elmlp cannot 
assemble into the bud neck complex at a normal level. This occurs even when a wild type 
version of Elm2/Hsllp is present in addition to the altered version. Thus, the dominant 
mutation, Elm2-M177V, produces a protein which prevents Elmlp from localizing 
properly. This is probably not due to the altered Elm2/Hsllp sequestering Elmlp away 
from the bud neck. The Elm2-M177V mutation is predicted to alter only the kinase 
domain of Elm2/Hstlp, but not the coiled-coil regions of the C-terminus. Therefor, the 
altered protein is probably still present at the bud neck. What could be occuring is 
modification of the bud neck complex by the altered Elm2ZHsllp. Elm2/Hsllp has been 
shown to interact with the septins (Barrai et al 1999). Perhaps the Elm2-M177V mutation 
prevents Elmlp from binding to the bud neck complex by producing a protein that alters 
the septins or other ring proteins such that they are conformationally unable to allow 
Elmlp to dock. One way to test this would be to alter ELM2/HSL1 by making mutations 
in or deletions of the coiled-coil regions in combination with the Elm2-M177V mutation 
to see if Elmlp bud neck localization can be restored. 
Assembly Interdependence of Elm2/Hsllp 
The assembly of Elm2/Hsllp into the bud neck ring has been shown here to 
depend upon the septins and Elmlp. Elm2/Hsllp assembly into the bud neck ring is, in 
agreement with others, septin dependent (Barrai et al 1999). This can again be explained 
if the septins are a scaffold upon which other bud neck proteins assemble. If the scaffold 
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is unstable or poorly formed, as is probably the case for the cdcl2-R363K mutation, other 
proteins will be unable to assemble. Thus, the lack of normal bud neck localization of 
Elm2/Hsllp in the septin mutant is probably due to instability of the bud neck ring. 
Elmlp is also a factor for the ability of Elm2/Hsllp to properly assemble. We 
have shown if Elmlp is absent, lacking catalytic activity, or is otherwise altered to result 
in constitutive elongated cell morphology, Elm2/Hsllp is unable to properly assemble 
into the bud neck complex. Several possibilities could explain these results. First, this 
could be explained by a direct interaction between Elmlp and Elm2/Hsllp. Elmlp may 
be required to phosphorylate Elm2/Hsllp prior it its assembly into the bud neck complex. 
This could be tested by determining the phosphorylation state of Elm2/Hsllp in wild 
type strains to catalytically inactive elml-Kl 17R mutant strains. A second direct 
interaction could also be occuring. Elmlp could be required to physically participate in 
the binding site of Elm2/Hsllp at the neck. This probably is not the case, because 
Elm2/Hsllp does not localize properly when the catalytically inactive, yet presumably 
physically normal protein product of the elml-Kl 17R mutation is present. Thus, the 
catalytic activity of Elmlp is required for proper assembly of Elm2/Hsllp at the neck. A 
third possibility is that an indirect relationship between Elmlp and Elm2/Hsllp is 
occuring. For instance, Elmlp could be phosphorylating another component of the bud 
neck ring. This event could alter the conformation of the ring such that Elm2/Hsllp is 
subsequently able to bind. To determine if these proteins physically interact with each 
other or with other bud neck ring proteins, co-immunoprecipitation studies or two-hybrid 
analysis may lead to an answer. The evidence here suggests a functional relationship 
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between Elmlp and Elm2/Hsllp which has been supported by suppressor studies 
(Edgington et al 1999). 
Septin Complex Assembly Interdependence 
The requirements discovered for Cdcl2p, or septin, assembly at She bud neck are 
unique. ELM1 deletion or loss of catalytic activity affected Cdcl2p localization at the 
neck and also caused mis localization to the bud tip. The septins have been shown to 
assemble at the incipient bud site prior to bud emergence (Ford and Pringle 1991). 
Perhaps Elmlp is needed to phosphorylate the septins or another effectoa: to secure the 
septins at the bud neck region after bud emergence. One way to test this would be, since 
Elmlp is a serine/threonine protein kinase, change potential sites of phosphorylation by 
Elmlp on each septin to non-phosphorylatable residues and observe septin localization. 
Data also demonstrate that Elm2/Hsllp affects the ability of the s=eptins to 
properly assemble at the bud neck. Previously, a physical interaction has- been shown 
between Elm2/Hsllp and one of the septins, Cdc3p (Barrai et al 1999). Since several 
septins and Elm2/Hsllp contain coiled-coil regions, this may be the area of interaction 
between these proteins. Truncation of three of the four coiled-coil domaLns of 
Elm2/Hsllp did have a slight negative effect on the ability of the septins to assemble 
properly at the bud neck ring (Table 2). If the coiled-coil regions of Elm2/Hsllp are sites 
of interaction of this protein with the same regions in the septins and an interaction 
stabilizes the septin ring, this result is expected. In agreement with this theory, if 
Elm2/Hsllp is completely absent, septins show an even greater reduction in proper 
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localization and also show mislocalization to the bud tip. 
A different effect on septin assembly was obtained for the Elm2-M177V mutation. 
The Elm2/Hsllp protein with an altered catalytic domain had no effect on septin 
assembly. This may be explained if the physical presence (coiled-coil regions) of 
Elm2/Hsllp, but not the catalytic activity of Elm2/Hsllp is required to lend stability to 
the septin complex. If Elm2/Hsllp is not physically present, the complex doesn't 
completely disassociate, but its stability is reduced. One way to test this theory would be 
to systematically make mutations within the coiled-coil coding regions of ELM2/HSL1, 
and determine septin localization. 
Multiple deletions of genes that code for bud neck ring proteins has a 
combinatorial effect on septin localization. If both Elmlp and Elm2/Hsllp are absent, the 
septin ring is even more unstable as shown by the results in Table 2. The same 
explanations given for the individual deletions could also explain this occurrence. Once 
again, the potential interactions between the bud neck ring proteins appear to stabilize the 
complex down to the septin scaffold. As more bud neck ring proteins are removed, the 
bud neck ring becomes more unstable. 
Combinatorial results were also observed when septin assembly was examined in 
cells which contained both the elml-T3lll and the Elm2-Ml 77Vmutations. These cells 
exhibit wild type morphology since the Elm2-Ml 77V mutation suppresses the elongated 
morphology of the elml-T31 II mutation. Eventhough the cell morphology appears 
normal, the septins cannot assemble properly at the bud neck ring and even misassemble 
at the bud tip. The normal cell morphology is indicative of an ability of Elm2/Hsllp to 
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negatively regulate Swelp thereby allowing activation of Cdc28p-Clbp complexes even 
if the septin ring is unstable. 
Cdc28p's Effect on Bud Neck Ring Proteins 
As mentioned previously, two modes of thought presently exist in regard to the 
relationship of Cdc28p to bud neck ring proteins. Evidence has been presented which 
suggests that bud neck ring proteins such as Elmlp, Elm2/Hsllp, Swelp, and even the 
septins function upstream of Cdc28p-Clb2p complexes at the G2/M transition of the cell 
cycle (Barrai et al 1999, Edgington et al 1999, Longtine et al 2000). Evidence also exists 
suggesting that Cdc28p-Clb2p complexes are upstream effectors of bud neck ring 
proteins (Kellogg and Murray 1995, Altman and Kellogg 1999, Sreenivasan and Kellogg 
1999). The results presented here support the pathway of Elmlp, Elm2/Hsllp, and the 
septins functioning upstream of Cdc28p in coordination of cell growth and division. A 
mutation in CDC28, which results in constitutive elongated cell morphology, was shown 
to have little to no effect on stability of proteins in the bud neck ring complex. If Cdc28p 
was controlling cell morphology as an upstream effector of bud neck ring proteins, 
abberencies in localization of bud neck ring proteins might be expected due to the 
altered cell morphology of this mutant. For example, Cdc28p-Clb2p complexes may be 
phosphorylating bud neck ring proteins. This phosphorylation may be a prerequisit for 
the proteins to be incorporated into the bud neck ring. Thus, if Cdc28p-Clb2p complexes 
are less active, which is probably the case in the cdc28-C127Ymutant cells, then proteins 
normally found at the bud neck ring would be unable to localize properly. This was not 
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the case, thus, Cdc28p appears to be a downstream target of the bud neck ring proteins 
Implications of Assembly Interdependence 
Putting together the results obtained in this work, though very complex, allows a 
clearer picture of the interactions among bud neck ring proteins. It has been shown that 
localization of Elmlp depends upon the septins and can be effected by Elm2/Hsllp, 
localization of Elm2/Hsllp equally depends upon the septins and the catalytic activity of 
Elmlp, the stability of the septins depends upon the catalytic activity of Elmlp and the 
physical presence of Elm2/Hsllp, and Cdc28p functions downstream of bud neck ring 
assembly. Taken together, these results indicate a sequential order of assembly among 
bud neck ring proteins. The septins and Elmlp must assembly first in order to allow 
subsequent assembly of Elm2/Hsllp. Figure 8 shows a model for the interaction between 
Elmlp, Elm2/Hsllp and the septins. The results presented in this work do not 
discriminate between a direct or indirect interaction between Elmlp and Elm2/Hsllp. But 
the results do indicate that these two proteins may not indirectly interact through the 
septins because the Elm2-M177Vmutation displaces Elmlp, but not the septins from the 
bud neck ring. 
A second result of this work was support for Cdc28p as a downstream target of 
the bud neck ring in coordination of cellular growth and nuclear division at the G2/M 
transition. This was demonstrated by proper assembly of Elmlp, Elm2/Hsllp, and 
Cdcl2p in the presence of an altered Cdc28p that results in aberrant cell morphology. 
The work also showed that even if the septins are not properly localized at the bud neck 
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protein X 
Elm2/Hsllp 
Elm5/Hsl7p 
Swelp 
Cdc28p-Clb2p 
Figure 8. Model for interaction among bud neck ring proteins. An interaction does exist 
between Elmlp and the septins as well as between Elm2/Hsllp and the septins. The 
interaction between Elmlp and Elm2/Hsllp could either be direct as indicated by the 
dashed arrow, or indirect through other bud neck ring protein(s), as indicated by the 
dotted arrow. 
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ring, as long as Elm2/Hsllp can negatively regulate Swelp, normal cell morphology will 
result. All of these results demonstrate that the bud neck ring is an active structure, 
dependent upon the interaction of several proteins for stability and proper function in the 
coordination of cell morphology and nuclear division. 
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CHAPTER 3. COMPLEX FORMATION OF Naplp, Clb2p, Gin4p AND Elmlp IN 
YEAST 
A paper to be submitted to Molecular Cellular Biology 
Courtney L. Thomas, Douglas R. Kellogg, and Alan M. Myers 
Abstract 
In Saccharomyces cerevisiae, a complex comprising at least twenty proteins is 
found at the bud neck ring during the G2/M phase transition of the cell cycle. The neck 
ring is known to be involved in both cell morphology and regulation of cell cycle 
progression, and at least some of its functions are mediated by the cyclin dependent 
kinase Cdc28p. One neck component, the protein kinase Elmlp, was identified to have a 
role in the G2/M transition and potentially in Cdc28p regulation. Little is known, 
however, about what other proteins Elmlp interacts with or affects. To identify potential 
interacting proteins, Elmlp was precipitated from cell extracts and interacting proteins 
that purified with Elmlp were identified. A complex between the B-type cyclin Clb2p, 
the cyclin interacting protein Naplp, the Niml-like protein kinase Gin4p, and Elmlp was 
found. Gene disruptions and Elmlp truncations were subsequently used to identify the 
order of these protein interactions. Disruptions were also used to investigate the 
localization function of Elmlp to the bud neck ring. The results suggest a more direct role 
for Elmlp in regulation of Cdc28p-Clb2p complexes than previously surmised. 
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Introduction 
Coordination of cell morphology and nuclear division is regulated in 
Saccharomyces cerevisiae by Cdc28p-cyclin complexes. Cdc28p is the catalytic subunit 
of the CDK (cyclin dependent kinase) that is primarily responsible for regulating the cell 
division cycle in budding yeast. Cdc28p can form a complex with different cyclin 
regulatory subunits at various points in the cell cycle to control those transitions as well 
as coordinate them with changes in the actin cytoskeleton to regulate bud growth 
(Hartwell et al 1970, Sudbery et al 1980, Mendenhall and Hodge 1998). For example, 
when Cdc28p is in complex with the cyclin Clb2p, it can promote the switch from apical-
to isotropic-growth in the bud and initiate mitosis in the mother at the G2/M phase of the 
cell cycle (Lew and Reed 1993). 
CDK complexes are regulated by other proteins. Swelp is a kinase that 
phosphorylates tyrosine 19 of Cdc28p, specifically when it is in a complex with Clb2p, 
to inhibit the catalytic activity of the CDK (Booher et al 1993). This mechanism is 
thought to prevent premature onset of mitosis before a critical bud size is reached. The 
phosphorylation can be reversed by the phosphatase Mihlp to allow mitosis to proceed 
(Russell et al 1989). Other proteins, Elm2/Hsllp and Elm5/Hsl7p, are also known to be 
upstream effectors of Cdc28p-Clb2p complexes. Elm2/Hsllp, a Niml-like 
serine/threonine kinase, and Elm5/Hsl7p, a protein methyl transferase, are both negative 
regulators of Swelp (Blacketer et al 1995, Ma et al 1996, Lee et al 2000). A growing 
complex of proteins appears to effect Cdc28p-cyclin complexes, thus functioning in 
coordination of cell growth and nuclear division. 
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Several of the proteins known to affect Cdc28p-Clb2p complexes are present in 
the bud neck ring. A complex of over twenty proteins form a ring between the mother 
and daughter during the G2/M cell cycle transition. This ring is initially formed by an 
organization of septin proteins. The septins are highly conserved GTPases with coiled-
coil regions in their C-termini through which they are thought to associate with each 
other (Longtine et al 1996). Other proteins are thought to assemble on the septin scaffold. 
Swelp, Elm2/Hsllp, and Elm5/Hsl7p are all found at the bud neck ring during the G2/M 
transition (Barrai et al 1999, Shulewitz et al 1999, Longtine et al 2000). Recent results 
suggest that the cyclin Clb2p may also be found at the bud neck ring (Hood et al 2001). 
Growing evidence supports a function for the bud neck ring proteins in the coordination 
of nuclear division with cellular growth, as effectors of Cdc28p. 
Another protein present at the bud neck during the G2/M transition is Elmlp. 
Originally, ELM1 was discovered in a screen for cells exhibiting constitutive elongated 
morpho logy  (Blacke te r  e t  a l  1993) .  Ce l l s  wi th  the  e lml -1  muta t ion  ( e lml -T31  I I )  
exhibited an elongated morphology but grew at a near normal rate, thus indicating a 
breakdown in the coordination of cell morphology and nuclear division. Elmlp was 
subsequently identified as a serine/threonine kinase and found to localize to the bud neck 
ring between the mother and daughter cells (Koehler and Myers 1997, Moriya and Isono 
1999, Thomas et al 2001). If ELMl is deleted or overexpressed, a delay in the G2/M 
transition of the cell cycle can be observed by F ACS (fluorescence activated cell sorter) 
analysis (Moriya and Isono 1999, Thomas et al 2001). 
Elmlp may also be an upstream effector of Cdc28p-Clb2p complexes. The 
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elongated cell morphology and G2/M delay exhibited by ELMl deletion strains is 
suppressed by deletion of SWEl (Edgington et al 1999, Bouquin et al 2000). Also, the 
morphological defects could be partially suppressed by the mutation cdc28-Y19F 
(Edgington et al 1999). This mutation results in a version of Cdc28p with a tyrosine to 
phenylalanine substitution at position 19. This removes the target of Swelp phosphor­
ylation on Cdc28p, in essence bypassing all or part of Swelp function. Because the 
effects of deleting ELMl can be reversed by removing an inhibitor of Cdc28p or altering 
Cdc28p itself, this suggests that Elmlp functions upstream of Cdc28p. Also, the catalytic 
activity of Cdc28p-Clb2p complexes is delayed when ELMl is deleted (Sreenivasan and 
Kellogg 1999). These results support a role for Elmlp in coordination 
of cell growth and division as an upstream effector of Cdc28p-Clb2p complexes. 
Another bud neck ring protein linked to Cdc28p-Clb2p complexes is the Niml-
like protein kinase Gin4p. Gin4p localizes to the bud neck ring from late G1 to M phase 
(Okuzaki et al 1997). This localization of Gin4p is dependent upon the septins and 
proper septin organization is dependent upon Gin4p (Longtine et al 1998). Gin4p is 
activated during entry to mitosis by hyperphosphorylation, at least part of which is due 
to autophosphorylation (Altaian and Kellogg 1997). This hyperphosphorylation does 
not occur when ELMl is deleted (Sreenivasan and Kellogg 1999). Phosphorylation of 
Gin4p can also be induced by the cyclin Clb2p (Altman and Kellogg 1997). Recent 
experiments have shown that the presence of Elmlp, among others, is required for the 
interaction between Gin4p and one of the septins Cdcl lp (Altman and Kellogg 1997, 
Kellogg personal communication). These results suggest that Elmlp and Cdc28p-Clb2p 
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complexes may activate Gin4p to organize the septins at the G2/M transition. 
A protein that has not been shown to localize to the bud neck, but does interact 
with a bud neck protein ring is also linked to Cdc28p-cyclin complexes. An interaction 
between Nap lp and Gin4p has been demonstrated by affinity chromatography (Altman 
and Kellogg 1997). Naplp is a protein that interacts with mitotic cyclins in budding yeast 
and frogs. In yeast, Naplp binds to Clb2p and is required for Clb2p to function in the 
apical- to isotropic-growth switch at the G2/M transition. This has been shown by 
deletion of NAP I, which results in continued apical-growth and a prolonged short spindle 
stage but with normal Cdc28p-Clb2p kinase activity (Kellogg and Murray 1995). This 
evidence suggests that Naplp may function downstream of Cdc28p-Clb2p complexes. 
The mechanism by which Elmlp can influence both cell cycle progression and 
cell morphology potentially through CDK complexes is unknown. The interest of this 
study was to determine what proteins interact with Elmlp in the cell. A fusion protein, 
GST-Elm lp, was purified and proteins that co-purified with it were identified by 
immunoblot analysis using various protein-specific antibodies. Gin4p, Naplp and Clb2p 
were found to co-purify with Elmlp. Naplp bound to GST-Elmlp under all conditions 
and Clb2p bound under low salt. Gin4p, however, was unable to bind to GST-Elmlp 
under low or high salt conditions. Deletion of CLB2 or NAP I did not have an effect on 
the ability of Elml-GFPp to localize properly to the bud neck, yet deletion of GIN4 
prevented Elml-GFPp from localizing to the bud neck ring. Naplp was required for 
interaction of Elmlp with Clb2p and Gin4p. Clb2p was needed for association of Elmlp 
and Gin4p, but not Elmlp and Naplp. Also, the 177 C-terminal amino acids of Elmlp 
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were found to be required for interaction of Clb2p and Gin4p with Elmlp. The same 
region was found to contribute to, but not be essential for the interaction between Elmlp 
and Naplp. 
Materials and Methods 
Strains, Plasmids and Media 
All yeast strains were derived from the Y690 (R.J. Deschenes at University of 
Iowa) or D273-10B/A1 backgrounds (A. Tzagaloff at Columbia University) and are 
described in Table 1. The plasmids present in the Y690 strains were constructed by Dr. 
Carla Koehler (Koehler and Myers 1997). The diploid Y690 strains were sporulated and 
tetrads dissected using standard procedures to obtain haploid strains (Rose et al 1990). 
All yeast strains were cultured at 30 degrees Celsius and the following media were used 
YPD (1% yeast extract, 2% peptone, 2% glucose), SD (2% glucose, 0.17% yeast nitrogen 
base without amino acids and ammonia, 0.5% ammonium sulfate, supplemented as 
needed with histidine, leucine, tryptophan, lysine, adenine, methionine, and uracil at 20 
mg/ml each), SR (identical to SD except the 2% glucose is replaced by 2% raffinose), 
sporulation medium (1% potassium acetate, 0.05% glucose, 0.1% yeast extract, 
supplemented with amino acids listed above). All solid yeast media included 2% agar. 
Construction of Disruption Cassettes and Strains 
Two sixty-mer primers were designed containing forty-two bases complementary 
to NAP1 upstream of START and downstream of STOP as well as eighteen bases 
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Table 1. Saccharomyces cerevisiae strains 
Strains Genotype Source 
Y690 Background 
Y-1718 MATa/a ura3/ura3 Ieii2/leu2 his3/his3 pHISGAL4 
Y-1721 MATa/a ura3/ura3 Ieu2/leu2 his3/his3 pHISGAL4 
pEGST(URA3) 
Y-1722 MATa/o. ura3/ura3 Ieu2/leu2 his3/his3 pHISGAL4 
pCK3 6(GAL-GST-ELM 1-URA3) 
Y-1724 MATa/a. ura3/iura3 Ieu2/leu2 his3/his3 pHISGAL4 
pCK3 6-T1 (G AX-GST-ELM 1 -43 aa-URA3) 
Y-1725 MATa/a. ura3/iura3 Ieu2/leu2 his3/his3 pHISGAL4 
pC06-T2(GAJL-GST-ELM 1-177aa-URA3) 
Y-3382 MATa/a. ura3/iura3 Ieu2/leu2 his3/his3 pHISGAL4 
rho° 
Y-3389 MATa/a ura3/idra3 Ieu2/leu2 his3/his3 pHISGAL4 
pEGST(URA3> rho° 
Y-3390 MATa/a ura3/idra3 Ieu2/leu2 his3/his3 pHISGAL4 
pCK36(GAL-GrST-ELM 1-URA3) rho° 
Y-3396 MA Ta ura3 his J pHISGAL4 pEGST(URA3) 
Y-3397 MATa ura3 his 3 pHISGAL4 pEGST(URA3) 
Y-3398 MA Ta ura3 his3 pfflSGAL4 pCK36 
Y-3399 MATa ura3 his 3 pHISGAL4 pCK36 
Y-3400 MA Ta his3 pHI SGAL4 
Y-3401 MA Ta his3 pHISGAL4 
Y-3407 MA Ta his3 pHI SGAL4 napl::kanMX4 
Y-3406 MATa his3 pHISGAL4 clb2::kanMX4 
Y-3404 MATa ura3 his3 pHISGAL4 pEGST(URA3) 
napl::kanMX4 
Y-3403 MATa ura3 hisJ pfflSGAL4 pEGST(URA3) 
clb2::kanMX4 
Y-3405 MATa ura3 his3 pH3SGAL4 pCK36 napl::kanMX4 
Y-3408 MATa ura3 his3 pfflSGAL4 pCK36 clb2::kanMX4 
R. Deschenes 
C. Koehler 
C. Koehler 
C. Koehler 
C. Koehler 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
D273-10B/A1 Background 
Y-3200 MATa ura3 leu2 his3 elml::HIS3 leu2::ELMl-GFP-LEU2 T. Bierwagen 
Y-3402 MATa ura3 leu2 his3 elml::HIS3 leii2::ELMl-GFP-LEU2 This study 
napl: :kanMX4 
Y-3394 MATa ura3 leu2 his3 elml::HIS3 leu2::ELMl-GFP-LEU2 This study 
clb2::kanMX4 
Y-3395 MATa ura3 leii2 his3 elml::HIS3 leu2::ELMl-GFP-LEU2 This study 
gin 4: :kanMX4 
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complementary to kanMX4. The plasmid pFA6-kanMX4 was used as a template for 
PGR (polymerase chain reaction) using the sixty-mer primers to amplify a 
napl::kanMX4 disruption cassette. Yeast strains Y-3200, Y-3396, Y-3398, and Y-3400 
were transformed with this cassette using the LiAc procedure (Rose et al 1990). 
Transformants were selected by growth on media containing geneticin and the disruption 
was verified by PGR. This technique has been described previously (Wach 1996). The 
same technique was used to construct clb2::kanMX4 and gin4::kanMX4 cassettes which 
were transformed into Y-3200. Y-3396 or Y-3397, Y-3398, and Y-3400 or Y-3401. 
These disruptions were verified accordingly. 
Microscopic Techniques 
The GFP tagged proteins were observed in live cells grown overnight on solid 
media at 30 degrees Celsius and resuspended in a drop of 1 M sorbitol on glass 
microscope slides under a cover slip. All observations were made on an Olympus BX60 
epifluorescent microscope using 100X oil emmersion magnification. Fluorescence was 
observed by exciting the GFP at 450 to 490 nm and capturing at 500 to 550 nm with an 
Endo-GFP filter cube. Photographs were taken using an Olympus 35mm camera with 
Kodak TMAX 400 black and white film. Fluorescence was captured first followed 
immediately by differential image contrast (D1C) of the exact same field. Negatives were 
developed by hand using Kodak Developer and Rapid Fixer and scanned into a 
laboratory computer using Nikon Cool Scan software and a negative scanner provided by 
Iowa State University (ISU) protein facility. 
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Trials to Quantify Localization 
Cells were grown overnight on solid media at 30 degrees Celsius and resuspended 
in a drop of IM sorbitol on glass microscope slides under a cover slip. At least 200 
individual budded cells were observed and localization of the GFP tagged protein was 
recorded. Localization was recorded as absent, present at the bud neck, or present at the 
bud tip. The last two options were not mutually exclusive. Two more trials, starting with 
freshly grown cells, were performed as described above. Trials were performed blind to 
prevent bias. 
F ACS Analysis 
F ACS (fluorescence-activated cell sorter) analysis of the DNA content of cells 
overexpressing Elmlp was performed with propidium iodide staining as previously 
described (Lew et al 1992). Strains used for F ACS analysis were made rho°, lacking all 
mitochondrial DNA, by growth in liquid media containing ethidium bromide (Hauswirth 
et al 1987). Analysis occurred at the ISU Cell Hybridoma Facility. 
Purification of Elmlp Complexes 
Yeast strains listed in Table 1 were grown to mid-log phase in selective liquid 
media containing raffinose as the carbon source. A final concentration of 4% galactose or 
raffinose was added to the cultures and growth was allowed to continue from four to ten 
hours. The cells were centrifuged at 3000 rpm for five minutes, washed with sterile water 
and pelleted again. The cells were transferred to a mortar and pestle chilled with liquid 
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nitrogen and ground under liquid nitrogen until a fine powder remained. The powder was 
resuspended in an equal volume of Extract Buffer (50 mM HEPES, 1 mM MgCh, 1 mM 
EGTA, 100 mM ^-glycerophosphate) supplemented with 2 mM PMSF. After thorough 
mixing by vortexing briefly, the cell lysate was centrifuged at 14,000 rpm for ten minutes 
at 4 degrees Celsius. The soluble protein in the supernatant was transferred to a fresh 
tube and Bradford analysis was performed to determine the protein concentration. The 
lysate was usually frozen at this point at -80 degrees Celsius. 
Purification of Elmlp was performed by mixing 1 milliliter (ml) of lysate (25 to 
50 mg of protein) with 200 ml bed volume of glutathione sepharose and adding 
TritonXlOO to a final concentration of 0.1%. The lysate was rocked with the beads at 4 
degrees Celsius for one hour, washed four times with ice cold Extract Buffer lacking 
PMSF, and eluted with 40 mM glutathione in ice cold Extract Buffer lacking PMSF at 
four degrees Celsius for one hour. To test the strength of protein interactions in certain 
experiments, the beads were washed three times with Extract Buffer supplemented with 
100 mM or 500 mM KCl, then once more with Extract Buffer and elutions were carried 
out as described. The elution was then precipitated with 1/10th volume of TCA 
(trichloroacetic acid) on ice for ten minutes and centrifuged at 14,000 rpm for ten 
minutes. The TCA was removed from the pelleted protein which was resuspended in 30 
to 50 pil (microliters) of IX laemmli loading dye (Ausubel et al 1997). 
The precipitated protein was loaded onto 10 % SDS-PAGE (sodium 
dodecylsulfate-polyacrylamide gel electrophoresis) gels and electrophoresed for two to 
three hours at 100 volts. The separated proteins were then transferred to nitrocellulose 
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membrane via electrophoresis for one hour at 400 mAMPS. The next series of steps 
occurred with orbital shaking of the blots. After blocking in 5 % non-fat dried milk in 1 X 
PBS (phosphate buffered saline) 0.1 % TWEEN-20 for one hour at room temperature, 
incubation with primary antibody (rabbit for anti-GST, anti-Nap 1 and anti-Clb2) at a 
dilution of 1:1000 in 5 % non-fat dried milk 1 X PBS 0.1 % TWEEN-20 for one hour at 
room temperature (for anti-GST) to overnight at four degrees Celsius (for anti-Nap I and 
anti-Clb2) was performed. After three to six washes in 1 X PBS, 0.1 % TWEEN-20, the 
blots were incubated with secondary antibody (anti-rabbit horse radish peroxidase (HRP) 
conjugate) at a dilution of 1:10,000 in 1 X PBS 0.1 % TWEEN-20 for one hour at room 
temperature. After three to six more washes, the blots were covered with Super Signal 
according to manufacturers instructions, wrapped in saran wrap and exposed to x-ray 
film. Once developed, the x-ray film was examined to determine the presence or absence 
of proteins which co-purified with Elmlp. X-ray film was subsequently scanned and 
saved as a computer file by use of the Chitinis lab's equipment. This protocol is an 
adaptation of one published previously by Dr. Kellogg (Altman and Kellogg 1997). 
Results 
Morphology and Cell Cycle Delay of ELM1 Overexpression 
Native Elmlp has been difficult to detect by standard immunologic methods both 
in immunoblot and immunoprecipitation procedures. This may be explained by the fact 
that Elmlp is present at very low levels compared to other bud neck proteins, as 
determined by fluorescence levels emitted by GFP fusion proteins (Thomas et al 2001). 
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To overcome this problem, a GST-ELM1 fusion gene driven by the GAL promoter was 
expressed in yeast cells in the presence of excess GAL4 transcriptional activator (Koehler 
and Myers 1997). Figure 1 shows that cells overproducing GST-ElmIp exhibit a mild 
elongated bud morphology after four hours of induction, which becomes more extreme 
with increased time of exposure to galactose. The morphology defect suggests that timing 
of the polar-isotropic growth transition is altered. Normally, transitions through phases of 
the cell cycle are coordinated with changes in cellular morphology. Thus, the morphology 
defect could indicate a problem with transition of the G2 into M cell cycle phases may be 
occurring. The DNA content per cell was monitored in the population by F ACS 
(Fluorescence activated cell sorter) analysis, in order to determine if a particular cell 
cycle block or delay was caused by GST-Elmlp overproduction. After four hours of 
induction of the fusion gene, cells overproducing GST-Elmlp exhibited a significant 
increase in the percentage of cells containing the G2 DNA content (Figure 2). Expression 
of the GST sequence alone, i.e., not fused to Elmlp, did not affect the distribution of Gl 
and G2 cells in the population (Figure 2). Thus, overproduction of GST-Elmlp results in 
a G2/M delay in the cell cycle. 
Immunoblot of Overproduced GST-Elmlp 
The phenotypic effects of induction of the GST-ELM1 fusion gene predicts that 
GST-Elmlp is being overproduced in a galactose-dependent fashion. This was confirmed 
by immunoblot analysis using antibodies specific for the GST portion of the fusion 
protein. A band indicating a protein of about 97 killodaltons (kDa), the correct predicted 
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Figure 1: Morphological effect of overexpression of ELM1. All pictures are of cells after 
four hours of growth in galactose: a) Y-1718 (wild type); b) Y-1721 (GAL-GST); c) Y-
1722 (GAL-GST-ELM1). 
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Figure 2: F ACS analysis of the G2/M cell cycle delay induced by overexpression of 
ELM1. P.I. stands for prodidium iodide. 
size of the fusion protein, was observed in both crude cell lysate and precipitate 
(ppt) purified for GST-Elmlp (strain 1722 in. Figure 3a). This detection of GST-Elmlp 
was the specific result of the presence of pCK36 (pGAL-GST-ELM 1 ). GST-Elmlp was 
not detected in a strain producing GST alone (strain 1721 in Figure 3a). In addition to the 
requirement of pCK36, GST-Elmlp could only be detected in a strain that was induced 
with galactose (Figure 3a). When the cells were grown in the presence of raffinose, GST-
ELM 1 was not overexpressed and GST-Elmlp could not be detected. These results 
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Figure 3. Purification of GST-Elmlp (a and b) with Naplp, Clb2p and Gin4p (c). 
99 
demonstrate the requirement of galactose induced overexpression for detection of GST-
Elmlp. 
The identity of GST-Elmlp, as detected by the antibody to GST, was verified by 
observation of truncated protein products. The plasmid pGST-ELM 1-T2 expresses a 
truncated version of GST-Elmlp that lacks 177 amino acids from the C-terminus of 
Elmlp (strain Y-1725). This protein is designated GST-Elml-177p. Figure 3b shows that 
a strain expressing GST-Elml-177p has a band migrating faster than the strain expressing 
the full length version. The plasmid pGST-ELMl-Tl expresses a truncated version of 
GST-Elmlp that lacks 43 amino acids from the C-terminus of Elmlp (strain Y-1724). 
This protein is designated GST-Elml-43p. Figure 3b again shows a faster migrating band 
in the strain expressing GST-Elml-43p. This shows that the antibody to GST recognizes 
proteins corresponding to the correct size of the truncation fusion proteins. Thus, the 
antibody to GST specifically recognizes GST-Elmlp. The GST-Elmlp construct was 
also visualized with an antibody to Elmlp (data not shown). These results demonstrate 
the ability of anti-GST to specifically recognize GST-Elmlp. 
Once the presence of GST-Elmlp was verified in the precipitates, a collection of 
protein specific antibodies was used to examine what other proteins were also present. 
Figure 3c, shows the presence of Gin4p, Naplp and Clb2p in galactose induced cell 
lysate purified for Elmlp. The co-purification of these proteins was further shown to be 
specific to the presence of Elmlp because when GST alone was overexpressed and 
purified, these proteins were not detected (Figure 3c). Gin4p, Naplp and Clb2p were the 
only proteins found to co-purify with Elmlp among those that were examined using 
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available antibodies. Specifically, proteins that were not observed to co-purify with 
Elmlp were Cla4p, Zdslp, Cdc42p, Cdcl Ip, Clb3p, Swelp, and Sep7p (data not shown). 
These negative results demonstrate that the association of GST-Elmlp with Gin4p, 
Naplp and Clb2p does not result from general non-specific interactions. Thus, Elmlp is 
capable of assembling into one or more stable multi-subunit complexes that contain 
Gin4p, Clb2p and/or Naplp. 
Strength of Gin4p, Naplp and Clb2p Interaction with Elmlp 
The strength of the interaction between Gin4p, Naplp, Clb2p, and Elmlp was 
tested. The purified complex was washed with buffer containing low (100 mM KCl) or 
high (500 mM KCl) salt in thse effort to remove proteins not strongly associated with 
GST-Elmlp. As shown in Figure 4a, low salt conditions had no effect on the ability of 
Naplp to complex with GST-Elmlp. High salt conditions slightly reduced the amount of 
Naplp found in complex with GST-Elmlp, but the proteins were still able to interact. 
Figure 4b shows Clb2p was aalso able to associate with GST-Elmlp under low salt. Under 
high salt conditions, Clb2p was no longer found in complex with GST-Elmlp. The 
interaction of Gin4p with GST-Elmlp was not able to withstand low or high salt washes 
as shown in Figure 4c. These data suggest a tight or frequent interaction may exist 
between Elmlp and Naplp. A slightly weaker or less frequent interaction may exist 
between Elmlp and Clb2p than Elmlp and Naplp. Finally, the evidence suggests a very 
weak or infrequent interaction may exist between Elmlp and Gin4p. 
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Figure 4. Stability of Naplp (a), Clb2p (b) and Gin4p (c) association with GST-Elmlp. 
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Sites on Elmlp for Interaction with Naplp, Gin4p and Clb2p 
To determine the specific region of Elmlp needed for complex formation with 
Naplp and Clb2p, C-terminal truncations of the Elmlp portion of GST-Elmlp were 
purified and examined for associated proteins. These truncations had observable effects 
on Naplp co-purification. Figure 5a shows that Naplp co-purifies with both GST-Elml-
43 p and GST-Elm l-177p. The intensity of the bands suggests that these truncations result 
in less Naplp than what co-purifies with full length GST-Elmlp (Figure 4a). These 
associations are, however, strong enough to withstand washes with either 100 mM or 
500 mm KCl. This evidence suggests the C-terminal 177 amino acids of Elmlp 
contributes to but is not essential for interaction with Naplp. 
A more definitive result was seen for co-purification of Clb2p and Gin4p with the 
truncations. As shown in Figure 5b, Clb2p fails to co-purify with either GST-Elml-43p 
or GST-Elml-177p. In these instances, no effects on co-purification were seen with 
addition of either 100 mM or 500 mM KCl to the wash buffer. The same results were 
seen for Gin4p (data not shown). This result suggests that Clb2p and Gin4p may be 
interacting with the C-terminal 177 amino acids of Elmlp. 
Effects of Deletions on Complex Formation 
To determine the order of interaction between Naplp, Gin4p, Clb2p and Elmlp, 
genes coding for proteins in the complex were deleted and the effect on co-purification of 
the complex was examined. NAP I was disrupted with a kanMX4 cassette as described in 
the Material and Methods section. The disruptions were verified by PCR as well as 
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immunobloting (Data not shown, Figure 6a). The ability to purify GSTp alone or GST-
Elmlp was not affected by deletion of NAP I (Data not shown). However, Clb2p and 
Gin4p were no longer able to associate with GST-Elmlp without Naplp (Figure 6b and 
c). This suggest that the interaction of Elmlp with Clb2p and Gin4p occurs indirectly 
through Naplp. 
A different result was seen for the effect of Clb2p on complex formation. CLB2 
was also disrupted with a kanMX4 cassette similarly to NAP I (see Materials and 
Methods). The disruption was again verified by both PGR and immunoblotting (Data not 
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shown, Figure 7a). The ability to purify GSTp alone or GST-Elmlp was not affected by 
deletion of CLB2 (Data not shown). When Clb2p is not present, Naplp associates as 
normal with GST-Elmlp. Gin4p, however, is not able to associate with GST-Elmlp 
without Clb2p. This suggests that the interaction of Elmlp with Naplp is not through 
Clb2p, but the interaction of Elmlp with Gin4p does occur indirectly through Clb2p. 
Effect of Gene Deletions on Elmlp Bud Neck Localization 
Elmlp has been shown to localize to the bud neck ring during budding (Thomas 
et al 2001, Moriya and Isono 1999). Previous data demonstrating associations between 
Gin4p and Naplp as well as Naplp and Clb2p led to questions regarding the interaction 
of Elmlp with other bud neck proteins, specifically Gin4p (Altman and Kellogg 1997, 
Kellogg and Murray 1995). Complex formation of Elmlp with Naplp and Clb2p may 
allow indirect association of Elmlp with Gin4p. If Elmlp is associated with the bud neck 
ring through this indirect interaction, then deletion of NAPl or CLB2 may delocalize 
Elmlp from the bud neck. To determine the effect of deletion of NAPl, or CLB2 on the 
ability of Elmlp to localize properly at the bud neck region, each deletion was made in a 
strain bearing an ELM1-GFP fusion (see Materials and Methods). The resulting strains 
were quantitatively analyzed to determine if an effect occurred. 
The localization of Elml-GFPp in the deletions strains is presented in Figure 8. 
Quantitative analysis presented in Table 2 demonstrate that deletion of CLB2 does not 
alter the ability of Elml-GFPp to localize to the bud neck properly. Similar results are 
seen for deletion of NAPl. Thus, Elmlp does not appear to be interacting with the bud 
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Figure 8. Localization of Elml-GFPp in a) wild type b) clb2::kanMX4 c) 
napl::kanMX4 d) gin4::kanMX4 
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Table 2. Quantitative Summary of Localization Interdependence 
Genotype % at Bud Neck % at Bud Tip 
ELM1-GFP 70 ± 4 
69 ± 8 
67 ± 3 
1 ± 0.3 
N/O 
N/O 
N/O 
N/O 
ELMl-GFP clb2::kanMX4 
ELM1-GFP nap 1 ::kanMX4 
ELMl-GFP gin4::kanMX4 
neck ring or specifically indirectly with Gin4p through Naplp or Clb2p. 
These results do not rule out the possibility that Elmlp interacts with the bud neck 
ring by direct interaction with Gin4p. To test this hypothesis, the localization of Elml-
GFPp was examined in a strain where GIN4 was deleted. Deletion of G IN4 was shown to 
almost completely eliminate Elml-GFPp from the bud neck (Figure 8c, Table 2). These 
results indicate that Gin4p is involved in association of Elmlp with the bud neck 
complex. 
ELM1 Overexpression 
For interaction studies, the ideal situation involves immunoprecipitating the native 
protein from wild type cells. Several attempts were made to precipitate native Elmlp 
with antibodies to the protein and to precipitate a HA (hemagglutinin) tagged Elmlp 
produced by a gene fusion driven by the native promoter. None of these attempts were 
successful in recovering even the slightest amount of Elmlp. From these unsuccessful 
attempts, it was suggested that Elmlp may only be present in small amounts within the 
cell. This is supported by previous investigations into Elmlp. The transcript was found to 
be present in small amounts within the cell (Koehler and Myers 1997). Also, the 
Discussion 
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product of a gene fusion driven by the native promoter, Elml-GFPp, was observed at the 
bud neck at much lower levels than other tagged proteins (Thomas et al 2001). 
To transverse this obstacle, a gene fusion of GST to ELM1 was controlled by the 
inducible GAL promoter. This allowed the overproduction of GST-Elmlp to levels 
detectable by immunoblot assays. Another result of this overproduction was non-native 
conditions within the cell. Thus, arguments could be raised as to the possibility that the 
interactions detected between Elmlp, Gin4p, Clb2p, and Naplp were only artifacts. In 
support of the validity of these interactions, evidence exists to contradict this argument. 
First, evidence suggests that these proteins co-localize. Elmlp localizes to the bud neck 
ring during budding (Thomas et al 2001, Moriya and Isono 1999). Clb2p was found to be 
able to localize to the bud neck (Hood et al 2001) and Gin4p is a bud neck ring protein 
(Okuzaki et al 1997). Also, recent evidence suggests that the interaction of Gin4p with 
the septin Cdcl Ip, at the bud neck ring, requires the presence of Elmlp among others 
(Doug Kellogg personal communication). Eventhough bud neck ring localization has not 
yet been demonstrated for Naplp, Naplp has been shown to interact with Gin4p 
(Altman and Kellogg 1997). Also, Naplp and Clb2p have been shown to physically 
interact (Kellogg and Murray 1995). Thus, it is possible that Naplp is interacting with 
Gin4p and/or Clb2p at the bud neck ring. This evidence suggest that all four proteins may 
be present at the same location within the cell and therefor, have the potential to interact. 
Second, genetic interactions exist. The elongated morphology defects from 
deletion of ELM1 can be partially suppressed by modification of CDC28 or deletion of 
SWE1 (Edgington et al 1999). This elongated morphology results from lack of Cdc28p-
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Clb2p activity thus linking ELM1 and CLB2 through CDC28. Another genetic link exists 
such that deletion of ELM I prevents normal hyperphosphorylatïon of Gin4p at the onset 
of mitosis suggesting that Elmlp is involved in activation of Gin4p (Srenivasan and 
Kellogg 1999). This phosphorlation of Gin4p can also be induced by Clb2p (Altman and 
Kellogg 1997). The presence of genetic evidence linking these proteins suggests once 
again that an interaction is possible. Although it has not been proven definitively that 
Elmlp, Gin4p, Clb2p, and Naplp interact, the evidence presented here shows that it is 
possible and previous data suggest an interaction is likely to be physiologically relevant. 
The observable result of overexpression of ELM1 consists of elongated buds and a 
G2/M cell cycle delay. This phenotype is similar to what is observed when ELM1 is 
deleted or SWEl is overexpressed (Booher et al 1993, Edgingtozi et al 1999). An 
explanation may involve normally transient interaction of Elmlp with other proteins in 
the cell. Elmlp may normally activate other proteins such as the: Niml-like kinase 
Elm2/Hsllp which it has been linked to by suppressor studies (Edgington et al 1999). 
Elmlp, in normal amounts, may interact briefly with and activate Elm2/Hsllp which in 
turn negatively regulates Swelp. This activation may occur by specific phosphorylation. 
However, when Elmlp is in excess this may result in the substrate being bound too 
frequently. For instance, if Elmlp normally phosphorylates Elm2/Hsllp, when Elmlp is 
in excess, Elm2/Hsllp may not be able to free itself from Elmlp, once it has been 
activated, in order to negatively regulating Swelp. In this case, Swelp would still inhibit 
Cdc28p-Clb2p complexes, and the G2/M transition events in the cell would be delayed. 
This could also explain the similar phenotype exhibited by cells overexpressing ELM1 or 
I l l  
SWEl because Swelp would be hyperactive in each case. One way to test this would be 
to alter sites of interaction with Elmlp on substrates, or inhibit the catalytic activity of 
Elmlp, to determine if the effects of overexpression can be reversed. Other possible 
explanations for the phenotype of cells overexpressing ELM I are suggested by results of 
experiments presented here. For example, Elmlp may normally transiently interact with 
another Nim 1 -like kinase, Gin4p, at the bud neck ring. When too much Elmlp is present, 
it may restrict the activity of Gin4p which may in turn alter septin organization leading to 
elongated cells. This possibility will be discussed further in following sections. 
Complex Formation of Elmlp, Gin4p, Naplp, and CIb2p 
Despite several efforts, to date, no one has been able to determine what proteins 
interact with Elmlp in yeast cells. This knowledge would be valuable because Elmlp has 
been shown to have an important function in coordination of cell morphology and nuclear 
division. How Elmlp performs this function may be suggested by what proteins it 
interacts with in the cell. The discovery of complex formation between Elmlp, Gin4p, 
CIb2p and Naplp suggests a more direct role may exist for Elmlp in regulation of 
Cdc28p-Clb2p complexes for coordination of cell morphology and nuclear division at the 
G2/M transition. 
The assays used here are not quantitative, yet qualitative comparisons can be 
made. For instance, Figure 3c shows the amount of Naplp, Clb2p and Gin4p found in the 
crude or the elution fraction from identical starting concentrations. The amount of Naplp 
that elutes with Elmlp is perhaps l/3rd of the amount of Naplp found in the crude, yet 
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the amount of Clb2p found to elute with Elmlp is drastically reduced, maybe only 
1/100th of the amount seen in the crude. The amount of Gin4p is even more severely 
reduced. Also, care has been taken during the course of this study to try to begin 
immunoprecipitations with the same concentration of protein. Thus, baring events 
outside of the researcher's control, statements can be made as to the strength or weakness 
of the interactions between Elmlp, Naplp, Clb2p and Gin4p. 
Naplp was found to exhibit the strongest interaction with Elmlp. Naplp 
remained in complex through high salt washes when Clb2p and Gin4p were lost. Also, 
potential sites of interaction between Elmlp and Naplp were obtained from co-
purification studies with the GST-Elml-43p and GST-Elml-177p truncations. The 
amount of Naplp in complex with GST-Elml-43p was noticeably reduced from the 
amount in complex with full length GST-Elmlp (compare Figure 4a with Figure 5a). The 
amount of Naplp in complex with GST-Elml-177p was even more reduced from full 
length. Also, complex formation of Naplp with GST-Elml-43p was barely able to 
withstand washes with 100 mM or 500 mM KCl. However, it appears that Naplp in 
complex with GST-Elml-177p was better able to withstand washes with 100 mM and 
500 mM KCl. This could indicate that Naplp interacts with part of the C-terminus of 
Elmlp. When the last 43 amino acids of Elmlp are missing, Naplp binding is reduced, 
but it can still interact partially. However, when the last 177 amino acids of Elmlp are 
missing, the Naplp binding site may be almost completely lost. One way to test this 
would be to make even more severe truncations of the C-terminus of Elmlp to see if co-
purification of Naplp can be completely lost. 
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Complex formation between Elmlp and Clb2p was found to be weaker or less 
frequent than interaction between Elmlp and Naplp. Washing with 500 mM KCl 
disrupted the interaction between Clb2p and Elmlp, but did not disrupt the interaction 
between Naplp and Elmlp. Also, Clb2p could not be co-purified with GST-Elml-43p or 
GST-Elm 1-177p demonstrating the need for the C-terminus of Elmlp for interaction with 
Clb2p. These results suggest a relatively weak or infrequent interaction may exist 
between Clb2p and the C-terminus of Elmlp. 
Out of all of the proteins identified to co-purify with GST-Elmlp, the association 
of Gin4p with Elmlp appears to be the weakest. Gin4p barely associated with Elmlp 
under initial elution conditions and was completely washed away by both low and high 
salt concentrations. Also, Gin4p was unable to be co-purified with either GST-Elml-43p 
or GST-Elml-177p. This suggests that the C-terminus of Elmlp is required for 
association of Gin4p with GST-Elmlp. These results suggest a very weak or infrequent 
interaction may exist between Gin4p and Elmlp. 
Some of the results presented here may be able to be explained if Naplp directly 
binds to Elmlp and Clb2p binds to Naplp. Previous research has already demonstrated 
an interaction between Naplp and Clb2p (Kellogg and Murray 1995). The initial results 
of Clb2p washing off the complex, while Naplp remains bound in high salt, suggest a 
stronger interaction may exist between Elmlp and Naplp than Elmlp and Clb2p. Support 
for the order of interaction being Elm 1 p-Nap 1 p-Clb2p also comes from the results of the 
truncation experiments. If the binding of Naplp to Elmlp is reduced 
and the only interaction Clb2p has with Elmlp is through Naplp, then a logical result is 
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that Clb2p is lost from the complex before Naplp. A way to test this would be to delete 
NAPl and determine if Clb2p still co-purifies with Elmlp. 
Order of Interaction Between Elmlp, Naplp, Gin4p and C!b2p 
To determine the order of interactions between Naplp, Gin4p, Clb2p and Elmlp, 
strains were constructed disrupting a gene that codes for one of the proteins in the 
complex and complex formation in the absence of that protein was examined. These 
studies showed that Nap Ip is required for complex formation of Elmlp with Clb2p and 
Gin4p. Clb2p was also shown to be required for complex formation between Elmlp and 
Gin4p, but not between Elmlp and Naplp. These results suggest a direct interaction may 
be occuring between Elmlp and Naplp whereas an indirect interaction appears to be 
occuring between Elmlp and Clb2p through Naplp. Also, an indirect association appears 
to be occuring between Elmlp and Gin4p through both Naplp and Clb2p. 
Localization of Elmlp to the Bud Neck Ring is Affected by Deletion of GIN4 
A potential indirect association of Elmlp with the bud neck ring protein Gin4p 
through Naplp and Clb2p was examined. Previous research has already demonstrated an 
interaction between Naplp and Clb2p as well as between Naplp and Gin4p (Altman and 
Kellogg 1997, Kellogg and Murray 1995). If deletion of NAPl or CLB2 delocalized 
Elml-GFPp from the bud neck ring, this could indicate an indirect interaction of Elmlp 
with the bud neck ring protein Gin4p through Naplp and/or Clb2p. Thus, the effect of 
deletion of NAPl or CLB2 on the ability of Elml-GFPp to properly localize to the bud 
115 
neck ring was examined. Deletion of NAPl or CLB2 did not have an effect on the ability 
of Elml-GFPp to localize normally to the bud neck ring. This suggests that Elmlp is not 
bound to the neck ring by indirect interaction with Gin4p or another bud neck ring 
protein through Naplp and Clb2p. 
Another possibility exists that Elmlp directly interacts with Gin4p and this 
interaction allows Elmlp to localize to the bud neck ring. To test this possibility, the 
localization of Elmlp was examined in a GIN4 deletion strain. Deletion of GIN4 
completely delocalized Elml-GFPp from the bud neck ring. Thus, Gin4p is required for 
Elmlp to associate with the bud neck ring. This does not however, indicate a direct 
interaction between Elmlp and Gin4p. When GIN4 is deleted, the septins have been 
shown to demonstrate a reduced ability to form an organized complex at the bud neck 
region (Longtine et al 1998). The inability of Elmlp to properly localize in cells lacking 
Gin4p may simply be the result of aberrant septin organization. However, the possibility 
that a complex between Elmlp and Gin4p may exist cannot be excluded. 
Implications on Coordination of Morphology and Division 
The evidence presented here for complex formation between Elmlp, Gin4p, 
Naplp, and Clb2p suggests a more direct role for Elmlp in regulation of Cdc28p-Clb2p 
complexes than previously surmised. Through epistasis studies, it has been shown that 
Elmlp is needed for the morphological and cell cycle changes that occur at the G2/M 
transition as well as proper cytokinesis (Blacketer et al 1993, Edgington et al 1999, 
Moriya and Isono 1999, Sreenivasan and Kellogg 1999). Deletion of NAPl results in 
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similar morphological and cell cycle defects at the G2/M transition as deletion of ELM I 
(Kellogg and Murray 1995). Eventhough Cdc28p-Clb2p complexes eventually reach 
normal levels of activity in cells lacking Naplp, Clb2p is unable to properly induce 
mitosis or the apical- to isotropic-growth switch in the bud. This previously obtained 
evidence suggests that Naplp functions with Cdc28p-Clb2p complexes to control the 
events at the G2/M transition. Taken together with the new evidence that Elmlp is found 
in complex with Naplp and Clb2p in the cell, this suggests that Elmlp, Naplp, and 
Cdc28p-Clb2p complexes function together to coordinate cell growth and division. 
Several models for how Elmlp, Gin4p, Clb2p, and Naplp are interacting within 
the cell can be proposed from the data accumulated here. First, Elmlp could be a eye lin 
dependent kinase that requires binding of Clb2p for catalytic activity. This is probably 
unlikely because the catalytic activity of Elmlp is required for its localization to the bud 
neck ring (Thomas et al 2001), yet Elml-GFPp localizes normally when CLB2 is deleted. 
One might argue that other Clbs may be able to take Clb2p's place, but more experiments 
would be required before such a model could be substantiated. In fact, more evidence 
against this model has also been presented in this work. The interaction between Elmlp 
and Clb2p was shown to be indirect through Naplp. Thus, Elmlp is probably not a 
cyclin dependent kinase. 
A second model is diagramed in Figure 7a. This model suggests that Naplp is a 
downstream target of Cdc28p-Clb2p complexes. Once activated, Naplp effects Elmlp 
and Gin4p. Elmlp and Gin4p then function together or separately to initiate the apical- to 
isotropic-growth switch and entry into mitosis. This has been suggested by evidence 
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Figure 9: Model for interactions between proteins. See text for details. 
118 
that Cdc28p-Clb2p complexes reach normal levels of activity (eventhough the activity is 
delayed) when NAPl or ELMl is deleted (Kellogg and Murray 1995, Sreenivasan and 
Kellogg 1999), thus Naplp and Elmlp may be downstream targets of Cdc28p-Clb2p 
complexes. However, deletion of SWE1 suppresses the elongated morphology of cells 
with a deletion of ELMl, and modification of CDC28 partially suppresses these defects 
(Edgington et al 1999) suggesting that Elmlp functions upstream of Cdc28p-Clb2p 
complexes at the G2/M transition. 
A third model with Elmlp and Naplp functioning as effectors of Cdc28p-Clb2p 
complexes is presented in Figure 7b. In support of Elmlp functioning upstream of 
Cdc28p-Clb2p complexes, the phosphorylation state of Elm2/Hsllp, a negative regulator 
of Swelp, is dependent upon Elmlp. When ELMl is deleted, Elm2/Hsllp does not reach 
normal levels of hyperphosphorylation (Bouquin et al 2000). Also, when ELMl or NAPl 
is deleted, Cdc28p-Clb2p complexes are delayed in reaching normal levels of activity 
(Sreenivasan and Kellogg 1999, Kellogg and Murray 1995). Thus, Elmlp and Napl may 
be upstream effectors of Cdc28p-Clb2p complexes. Support for Gin4p also functioning 
upstream of Cdc28p-Clb2p complexes comes from the fact that the morphological 
defects from deletion of GIN4 can be suppressed by deletion of SWEl (Longtine et al 
2000). 
A fourth model, shown in Figure 7c, suggests that perhaps the interactions are 
reciprocal. Elmlp and Naplp help Cdc28p-Clb2p complexes reach normal levels of 
activity in a timely manner and once activated, the CDK complex modifies Elmlp and 
Naplp to give them the ability to alter other proteins to induce the apical- to isotropic-
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growth switch and onset of mitosis. This could also allow Gin4p to function both 
upstream and downstream of Cdc28p-Clb2p complexes. So far, this is the only model 
that takes into account all of the previously published data. 
Conclusions can be made from the data presented here to advance the 
understanding of the mechanisms involved in coordination of cell growth and nuclear 
division at the G2/M transition of the cell cycle. First, Elmlp, Naplp, Clb2p, and Gin4p 
can be found in a complex within the cell, and the C-terminus of Elmlp is required for 
this association. Second, the order of interaction between these proteins appears to be 
Elmlp-Naplp-Clb2p and the association of Gin4p is through both Naplp and Clb2p. 
Third, Naplp and Clb2p are not required for Elmlp assembly at the bud neck ring, but 
Gin4p is required. These discoveries are likely to inspire future research to investigate 
how these proteins function together to coordinate cell morphology and nuclear division 
in yeast. 
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CHAPTER 4. GENERAL CONCLUSIONS 
This dissertation has examined the mechanisms involved in the coordination of 
cell morphology and nuclear division in yeast. Thus far, evidence has been presented 
demonstrating assembly interdependence among bud neck ring proteins and complex 
formation between Elmlp, Gin4p, Naplp, and Clb2p within yeast cells. These results 
have added to the understanding of how specific proteins interact to promote changes in 
cell morphology and progression through the cell cycle. 
Three major findings were examined in Chapter 2. First, molecular 
characterization of the elm mutations was undertaken. The original elml-1 allele results 
in replacement of Thr-311 by an isoleucine. The original elm.2-1 allele contains a 
nonsense mutation in codon 790. The original elml3-1 allele of the gene CDC12 causes 
replacement of Arg-363 by a lysine. Finally, the Sel2-1 allele of the ELM2/HSLI gene, 
which supresses elml-1, causes replacement of Met-177 by a valine. Secondly, this work 
showed localization of Elmlp depends upon the septins and can be effected by 
Elm2/Hsllp, localization of Elm2/Hsllp equally depends upon the septins and the 
catalytic activity of Elmlp, the stability of the septins depends upon the catalytic 
activity of Elmlp and the physical presence of Elm2/Hsllp, and Cdc28p functions 
downstream of bud neck ring assembly. Taken together, these results indicate a 
sequential order of assembly among bud neck ring proteins. The septins and Elmlp must 
assembly first in order to allow subsequent assembly of Elm2/Hsllp. Third, results 
supporting Cdc28p as a downstream target of the bud neck ring in coordination of 
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cellular growth and nuclear division at the G2/M transition was obtained. This was 
demonstrated by proper assembly of Elmlp, Elm2/Hsllp, and Cdcl2p in the presence of 
an altered Cdc28p that results in abberent cell morphology. All of these results 
demonstrate that the bud neck ring is an active structure, dependent upon the intaction of 
several proteins for stability and proper function in the coordination of cell morphology 
and nuclear division. 
The topic of how Elmlp functions in the coordination of cell morphology and 
nuclear division was examined in Chapter 3. In order to detect Elmlp, ELMl was fused 
to GST and overexpression was driven by a galactose inducible promoter. Overexpression 
of ELMl was shown to result in elongated buds and a G2/M delay in the cell cycle. In 
strains overexpressing ELMl, Elmlp could be purified and proteins that co-purified with 
Elmlp were examined. Gin4p, Naplp and Clb2p were found to specifically co-purify 
with Elmlp. Naplp exhibited the strongest interaction with Elmlp as shown by the 
ability of this interaction to withstand high salt (500 mM KC1) washes. Also, Naplp was 
still able to co-purify, albeit in reduced amounts, with C-terminal truncations of Elmlp. 
This suggest that the C-terminal 177 amino acids of Elmlp contributes to but is not 
essential for interaction with Naplp The interaction between Elmlp and Clb2p was not 
as strong. Clb2p was able to co-purify with Elmlp under low salt (100 mM KC1) 
conditions but not under high salt conditions. Also, CIb2p did not co-purify with C-
terminal truncations of Elmlp. This suggests Clb2p may be interacting directly with 
Elmlp by binding to the C-terminus or indirectly through Naplp. Gin4p was very weak 
or infrequent as shown by the inability of the complex to withstand even low 
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concentrations of salt. 
The identification of complex formation between Elmlp, Gin4p, Naplp, and 
Clb2p changes the view of the effect of Elmlp on coordination of cell morphology and 
nuclear division in yeast. Previously, Elmlp was suggested to function through regulation 
of several other proteins (Eim2/Hsllp, Elm5/Hsl7p, Swelp) as an indirect upstream 
effector of Cdc28p-Clb2p complexes. This new evidence suggests Elmlp may have a 
more direct role in regulation of Cdc28p-Clb2p complexes. 
The research presented in this dissertation has shed new light on mechanisms 
involved in coordination of cell morphology and nuclear division in the yeast 
Saccharomyces cerevisiae. Several of the proteins discussed in this work have homologs 
in other organisms, so discoveries made in yeast may be applied to higher eukaryotes. 
The more that is understood about how transitions of the cell cycle are coordinated with 
cellular morphology, the better an understanding researchers will have about overall 
cellular mechanisms. With a greater understanding of how cells normally grow and 
divide, greater strides can be made in understanding abberencies which may one day lead 
to treatments for disease states. 
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